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Abstract 

 

Wine aroma is very important to the enjoyment of wine, and therefore the wine 

industry. By furthering our understanding of which compounds contribute to wine 

aroma, and how these compounds are formed in wine, grapes and during 

fermentation, we can potentially improve wine aroma via viticultural and vinicultural 

processes. The objective of this research was to further our knowledge of two classes 

of compounds; thiols and sesquiterpenes.  The thiols studied were 3-sulfanylhexan-1-

ol (3SH), 3-sulfanylhexylacetate (3SHA), and 4-sulfanylmethyl-pentan-2-one (4SMP) 

which are all known to be concentration dependent favourable wine aroma 

compounds. By investigating via which chemical pathways these are formed, the 

levels of these compounds can be manipulated via changes in viticulture or 

winemaking processes, resulting in increased quality of wine aroma. Sulfonic acid 

analogues, putative precursors of these thiols, were prepared with the aim to deepen 

our understanding of how 3SH, 3SHA and 4SMP are formed in wines. The sulfonic 

acid group on these compounds renders them highly polar, and as a result, difficult to 

purify. This problem was overcome, and several sulfonic acids of interest were 

successfully synthesised. Possible mechanisms of sulfonic acid formation were 

explored through studies of hex-2-enal with sulfite, and despite several conditions 

tried, the possible precursor of 3SH was not isolated, likely due to a fast rate of reaction 

onward to the thermodynamic disulfonic acid product. 

The second part of the project was the exploration of sesquiterpenes. Though 

monoterpenes have been extensively studied, the larger sesquiterpenes have not 

been thoroughly investigated as possible aroma compounds. Recent studies linking a 

sesquiterpene to wine aroma, as well as increasing amounts of sesquiterpene 

identifications in wine, makes this class of compounds well worth investigating. 

Contributions towards the study of this class of compounds were presented by 

developing methods to introduce deuterium isotopic labels on a number of different 

sesquiterpenes, followed by development of analytical methods geared toward 

investigating sesquiterpenes as wine aroma compounds. Due to their low 

concentrations, highly sensitive and accurate quantitation techniques are needed, 

therefore a standard isotope dilution assay gas chromatography mass spectrometry/ 

gas chromatography methodology was developed. Additionally, methods were 
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explored towards the total synthesis of spirolepechinene, a complex spirocyclic 

sesquiterpene found in grapes. A model spiro compound with the correct relative 

stereochemistry was successfully synthesised. 
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Chapter 1 - Introduction 
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1.1 Wine aroma 

 

Wine has been a part of human culture since prehistory, with evidence of wine 

production dated as early as 5000 B.C.1 Records of studies in wine aroma chemistry 

date back to the mid-19th century, with Louis Pasteur’s work on wine spoilage leading 

to the description of acetic acid and its unsavoury effect on wine aroma.2 The study of 

aroma compounds is of interest not only in order to avoid undesirable odours, but also 

to enable winemakers to control or influence the positive aromas of their final product.3 

This is because wine aroma contributes greatly to the enjoyment of wine consumption 

and is therefore of great importance in the study of wine. By investigating which 

compounds impart which characteristics to aroma, and how the compounds are 

formed, we can better ensure a quality aroma in a wine. The information on aroma 

compounds coupled with research in viticulture and microbiology could be used to 

develop methods to manipulate the levels of certain compounds in the final wine 

product, leading to optimum wine aroma. 

A large factor in the subtlety and complexity of the sensory appreciation of wine is due 

to its aroma, which arises from the smelling of volatile compounds.4 Only a few 

hundred compounds are known to contribute to the aroma of wine.4 The human 

olfactory system is the only tool we currently have for qualifying aromas.  

Aroma is more complex than the sum of the individual aroma compounds.4 

Interactions between aroma compounds as well as matrix effects from the complex 

mixture that is wine can change the aroma perception as well as detection thresholds 

of aroma compounds. Aroma perception is also changeable from person to person, 

due to physiological differences, and influenced by factors such as colour and texture.5 

To date, about 800 compounds have been detected in the volatile fraction of wines.3 

Though these volatiles are a very important contribution to wine aroma,6 not all of 

these volatiles are aroma compounds.3 Studies have also shown that the non-volatile 

components of wine have an effect on the release of individual wine volatiles, and 

have demonstrated an effect on the perceived aroma of these wine volatiles.7 

Aroma compounds end up in wine from a wide range of sources.  Grapes are the 

largest contributor 8 containing either the final volatile compound, or non-volatile 

precursors. For the majority of grape varieties, most aroma compounds come from the 
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release of such non-volatile precursors by enzymatic reactions occurring throughout 

wine making processes.6 The enzymes can originate from the grape juice, or other 

organism such as yeast and bacteria present during the winemaking process. These 

reactions can happen during the preparation of juice or must, fermentation, or during 

storage and maturation of wine.9  Compounds can also originate from the oak barrels 

in which they are stored 3,4, or from substances added artificially during the 

winemaking process.10 Grape composition can be influenced by variety, maturity, and 

locality, as well as specific growing sites within such a locality.11 

The first compounds to be studied in wine were ethanol, sugar and small organic acids, 

as well as those causing unfavourable odours such as acetic acid. Well known aroma 

compounds include volatile thiols, esters and aromatic alcohols.4  

 

1.2 Thiols 

 

1.2.1 Thiols in wine aroma 

Several volatile thiols have been identified in wine.10, 12–15 Though present in low (µg/L 

to ng/L) concentrations, many also have very low perception thresholds, well below 

their reported concentrations. Most of these volatile thiol compounds have undesirable 

aromas, such as rotten egg and cabbage. Some, however, at certain concentrations 

can impart positive odours, with sensory descriptors including fruity, passionfruit, 

green, roasted coffee, boxwood and smoky (Table 1.1). One of the characteristic 

aromas of New Zealand Sauvignon blanc wine are their fresh fruity aromas. 3-

Sulfanylhexan-1-ol (3SH), 3-sulfanylhexylacetate (3SHA), and 4-sulfanylmethyl-

pentan-2-one (4SMP) are at least partially responsible for these aromas. 16,17  
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Table 1.1. Thiols identified as having beneficial odours.16  

Thiol Sensory descriptor 

3-Sulfanylhexan-1-ol (3SH) Tropical fruit 

3-Sulfanylhexyl acetate (3SHA) Passionfruit 

4-Sulfanylmethylpentan-2-one (4SMP) Guava 

Benzenemethanethiol Smoky 

2-Furanmethanethiol Caramel, roasted coffee 

Ethyl-3-sulfanylpropionate Cooked meat 

3-Sulfanylpentan-1-ol Onion 

2-Methyl-3-sulfanylbutan-1-ol Cooked leeks 

3-Sulfanylheptan-1-ol Citrus 

 

1.2.1.1 Beneficial thiols 

The small volatile thiols 3SH, 3SHA and 4SMP (Figure 1.1) have been determined by 

several studies to contribute beneficial characteristics to wine aroma. They are present 

in wine in very low concentrations (sub-ppb), making them difficult to analyse 

quantitatively. Previously, the only known method for reliable quantification involved a 

lengthy process of derivatising the thiols with mercury containing compounds, which 

itself poses a safety risk.18 Fortunately, a new method of forming derivatives with ethyl 

propiolate has recently been published. It provides a relatively fast, safer method, 

forming UV active compounds volatile enough to be analysed using gas 

chromatography mass spectrometry (GC-MS).19 

 

 

Figure 1.1: Structure of selected known wine aroma thiol compounds. 

 

Both 3SH and 3SHA exist as both R and S stereoisomers. The S and R enantiomers 

vary in aroma, detection threshold, and concentrations found in wine. For 3SH, the R 

enantiomer is described as having a grapefruit aroma and has a detection threshold 

of 50 ng/L, while the S enantiomer has a passionfruit aroma, and detection threshold 

of 60 ng/L. 3SHA has a herbaceous, boxwood aroma in the S form and a detection 

threshold of 2.5 ng/L, while the R enantiomer has a fruitier, passionfruit like aroma, 
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and higher detection threshold of 9 ng/L. Though the ratios of the two enantiomers 

varies in different wines, the S enantiomer of 3SHA was found at a consistently higher 

ratio than the R enantiomer. When detected, the ratios varied between 68:32 and 

73:27 S:R in the wines studies. The ratios of 3SH also varied, with ratios in dry wines 

ranging between 41:59 and 57:43 of R:S. In sweet wines the ratio of S was markedly 

higher to that of R, with distributions ranging between 24:76 and 34:66 R:S in the 

samples analysed.20  

 

1.2.2 Aroma Precursors 

As the free thiols have not been detected in grapes, it is proposed that they must be 

formed during wine making processes from precursors already present in grape juice. 

Several pathways of formation from precursors have been proposed, 21 including via 

the hypothetical yeast-mediated reduction of sulfonic acids, 22 and yeast-mediated 

cleavage of cysteine and glutathione adducts.23 

Cysteine and glutathione conjugates of 3SH and 4SMP (Figure 1.2) have all been 

identified in grapes and musts.24–26  The release of free thiols from these conjugates 

has been explored in both model solutions and grape must extracts. Addition of an 

enzyme extract of Eubacterium limosum led to formation of the corresponding free 

thiols via the action of the β-lyase enzyme on the sulfur bond.24 Additionally, it has 

been suggested that the tripeptide glutathione adduct is initially converted to the 

cysteine adduct, via cleavage of two peptide bonds, before then being cleaved to the 

free thiol.27,28 Environmental stress such as lack of water, UV radiation, cold and heat 

shocks were all found to increase the glutathione and cysteine precursors.29 3SHA is 

formed from the esterification of 3SH through the expression of the ATF1 gene.23 

Although there is mounting evidence for the glutathione and cysteine adduct pathway 

to thiol formation, there is often a lack of correlation between precursor levels and thiol 

levels, suggesting that other pathways are also responsible for thiol formation.23,30 
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Figure 1.2. Cysteine and glutathione adducts of aromatic thiols 3SH and 4SMP 

 

Another proposed biosynthesis of these thiols is via thiol addition to either the α-β 

unsaturated aldehyde hex-2-enal, and the α-β unsaturated ketone mesityl oxide.31–33 

The thiol could add via Michael addition either as the free thiol, ostensibly from H2S, 

or from cysteine, forming the already explored cysteine conjugates, or from sulfites 

added to the wine, forming sulfonic acid which could then undergo reduction to the 

free thiol. 

1.2.2.1 Sulfonic aldehydes 

Sulfites are commonly added to wine, generally in the form of potassium metabisulfite, 

as an antioxidant and antibacterial agent. At the pH levels found in wine, the potassium 

metabisulfite is present as both SO2 (ranging between 1%-7% depending on pH), and 

the bisulfite anion.34 The SO2 acts as the antioxidant and antibacterial agent, but the 

bisulfite anion also can react with compounds present in wines. Bisulfite has been 

shown to add to unsaturated aldehydes,35,36 including trans-2-nonenal in beer,37  hex-

2-enal,38  and mesityl oxide 35 to form sulfonic acid aldehydes. An exploration of the 

interaction between bisulfite and carbonyl compounds in wine, and the subsequent 

impacts on aroma, has been undertaken. It showed hex-2-enal underwent binding with 
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bisulfite in synthetic wine mixtures.34 A subsequent enzymatic reduction of the 

aldehyde functionality to alcohol and sulfonic acid reduction to thiol makes 3SH from 

hex-2-enal and 4SMP from mesityl oxide (Scheme 1.1). As both hex-2-enal and 

mesityl oxide have  been identified in grape juice or wine,33,39 these sulfonic acids 

appear promising as potential thiol precursors. In this study, samples of the sulfonic 

acid precursors were synthesised in order to ferment and gauge production of the free 

thiols. 

 

 

Scheme 1.1. Proposed 3SH formation pathway. 

 

1.3 Sesquiterpenes 

 

The word sesquiterpene is derived from the prefix sesqui- meaning ‘one and a half’ 

and terpene, relating to the large group of natural products derived from isoprene units. 

A monoterpene is built of two isoprene units; therefore, a sesquiterpene is built of three 

isoprene units. Terpenes of any number of isoprene units from one to eight are known, 

as well as isoprene polymers such as natural rubber. Important classes of terpenes in 

wines are the monoterpenes, which are known to play a very important role in aroma, 

4,6 but di- tri- and tetra- terpenes, and the C13 norisoprenoids are also all well 

documented in Vitis vinifera.40 Sesquiterpenes and their derivatives are the most 

diverse of the terpene group, and have also been extensively identified in wines. 41 

(Figure 1.3).  
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Figure 1.3. Some example compounds illustrating sesquiterpene structural diversity. 

 

Sesquiterpenes have been isolated from a wide range of living organisms. Though 

literature largely reports isolation of sesquiterpenes from angiosperm plants,42 they 

have been isolated in other divisions of the plantae kingdom, as well as from the 

animal,43–45 fungi,46 and Protista kingdoms.47 Though sesquiterpenes have been found 

in stems 48 and shoots 49  of V. vinifera, most research has focused on their presence 

in flowers and fruits.  

Sesquiterpenes are known to have a variety of biological roles. In plants, the most 

common reported roles are protection against herbivory and plant-plant signalling.  

This role has been reported in fungi as well, predominantly in Basidiomycotina.46 It is 

thought this is due to the above-ground fruiting bodies found in this subdivision of 

fungi, as these are more susceptible to fungivory from a wider range of predators, and 

therefore have developed defences, suspected to include toxic secondary 

metabolites,50 a group which includes sesquiterpenes. 
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An unnamed tricyclic sesquiterpenoid isolated from the pheromone gland of 

Tynacantha marginata Dallas, a stink bug, is a suspected sex pheromone. This 

assumption is supported by the fact it is found only in males.45 Sesquiterpenes have 

also been isolated in the temporal gland of the African elephant.43 One of the 

sesquiterpenes isolated, (E)-2,3-dihydrofarnesol, has been identified as a pheromone 

in both bumblebees 51 and army ants.52 The fact that sesquiterpenes have been 

identified as pheromones in animals, insects included, is interesting as one of the main 

roles of sesquiterpenes in plants is as insect hormone mimics, used to attract insects. 

Sesquiterpenes have been located inside the pollen grains of V. vinifera. They have 

been found to constitute up to 86% of all the volatile matter emitted at the peak of 

volatile emissions, and it is strongly suspected they play an important part in floral 

scent).53 It is a well-supported concept that volatile compounds from pollen are used 

by plants to attract insects either for pollinations, to prey on herbivores (this type of 

interaction has been observed in cucumber and tomato plants, using 

sesquiterpenes),54,55 to hinder herbivory, and to help in defence against other 

pathogens.42,56 Sesquiterpene lactones have been found to inhibit the healthy 

development of insects and/or their larvae.42 

Evidence that sesquiterpenes are released from the skin of the berry, and are localised 

in the outer wax layer further confirms their role as signalling compounds.3 Other 

evidence is put forward by the study carried out on sesquiterpene synthase 

expression, which was elicited by exposure to methyl jasmonate and jasmonic acid.3 

These are two compounds associated with stress in plants. They are associated with 

both internal defence systems and signalling to other plants, (i.e. other plants 

eavesdrop on what volatiles are being emitted to predict what stress may be 

imminent)57 and other parts of the affected plant.58 Sesquiterpenoids have been 

associated with allelopathic interactions. 42,58 Sesquiterpene lactones are reported to 

hinder or stimulate the growth of pollen, seeds and shoots of competing plants.42,59 

When a plant is wounded or subjected to herbivory, these compounds will increase in 

concentration, which has been found to cause increased expression of sesquiterpene 

synthase genes.60 Artificial stresses inflicted on plants, such as defoliation, have been 

found to increase sesquiterpene lactone concentrations in plants.42 This along with the 

localisation of sesquiterpenes provides strong evidence for their role as defence and 

signalling compounds in plants.3 
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Sesquiterpenes appear to have very low detection thresholds, an example being 

rotundone,54 so despite only being found in low concentrations in wine, it is still feasible 

that they contribute to wine aroma. Sesquiterpenes have been associated with aromas 

described as woody, spiced, oily, musty sweet, floral, and clove-like,6 and aromas 

arising from sesquiterpene synthase expression have been described as woody, 

spiced, balsamic, herbal, sweet, thyme and tea.60 Sesquiterpenes present in very low 

concentrations play an important role in citrus fruit aroma,61 and are also suspected to 

impart subtle aromas to melon rind.62 The oxidation products of sesquiterpenes in 

hops have been shown to be important for the spicy and herbal character in beer 6,63 

In grape blossoms, the sesquiterpene valencene was identified as the main 

component of floral scent. Additionally, sesquiterpenoids have been identified as the 

odour dominant constituents of blossom scent, while monoterpenes act as odour 

assistant.64 Only a few impact compounds (single compound imparting a single 

identifiable aroma) 65 have been identified in wines.4,66 

Currently, only a single sesquiterpene has been identified as definitely contributing to 

wine aroma.3 The sesquiterpene, rotundone (Figure 1.4), is a ketone derivative of the 

guiaene skeletal class, α-guaiene more specifically. It has been found to be an aroma 

impact compound, imparting a peppery aroma to some grape varieties, particularly 

Syrah varieties, such as Vespolina,9 as well as the wine produced from these grapes.11 

This compound is detectable at very low concentrations (16 ng/L in red wine), though 

up to 20% of the sensory panellists are unable to detect this aroma at 4000 ng/L. It 

was also identified as the most important peppery aroma compound in both black and 

white peppercorns.11 Despite previous studies investigating the origin of peppery 

aroma in Shiraz grapes,67 rotundone was not identified as present in these varieties, 

despite several other sesquiterpenes being identified. Rotundone had only been 

identified a few times in any organism,11 though never in peppercorns, and never as 

an aroma compound. This is perhaps due to the burnt aroma of rotundone at high 

concentrations, which only becomes peppery after sufficient dilution.11 The oversight 

of such an important aroma compound could indicate the possibility of other such 

oversight of the role of sesquiterpenes in wine aroma. 
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Figure 1.4. Structure of rotundone. 

 

A wide range of biological activities have been reported for sesquiterpenes and their 

derivatives. They often constitute a significant portion of plant essential oils, many of 

which are considered beneficial to human health.68 The most commonly reported 

activities are antibacterial, anti-inflammatory, antiviral and anticancer.42,46,68–70 There 

are no studies focusing on the biological activities of sesquiterpenes in grapes 

specifically, but the many reports of biological activity suggest this could be an 

interesting factor. 

Another structural classes of sesquiterpenes is the small spirojatamane class, 

containing only three compounds: (+)-spirojatamol, (-)-erythrodiene, and the more 

recently isolated (-)-spirolepechinene (Figure 1.5). Spirolepechinene has a different 

relative stereochemistry compared to spirojatamol and erythrodiene and no methods 

towards its synthesis have currently been reported. Spirolepechinene was first isolated 

from the medicinal plant of Venezuela and Columbia, Lepechinia bullata.71 It has 

subsequently been found in a wide range of plants, including grapevines,53 and is 

periodically found in new studies.72–74 

 

 

Figure 1.5. The members of the spirojatamane structural class, showing relative stereochemistries. 
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1.3.1 Grapes/wine and sesquiterpenes 

There has been a large volume of work on monoterpenes and their role in wine 

aromas.6,8,9,66 They are present in relatively high concentrations (mg/L), and are known 

to contribute significantly to wine aroma, though are also known to not be the only 

compounds responsible for the complete wine aroma.8 C13-norisoprenoids are also 

known to contribute to wine aroma.40 Recently due to advances in analytical and 

isolation techniques,4 many sesquiterpenes have been isolated, though generally 

present in far lower concentrations than monoterpenes.6  Complicating their study is 

that they are also not present in all grape varieties.6 In a recent study 3 it was found 

that the volatiles collected by headspace solid phase microextraction were mostly 

sesquiterpenes for shiraz, cabernet sauvignon and Gewürztraminer varieties, whereas 

Muscat varieties emitted both monoterpenes and sesquiterpenes. Despite the large 

number of reported identifications, and wide variety of structures found, very little work 

has been done on their role in grape and wines, and their aroma characteristics in 

general.9 

Very little is known about sesquiterpenes in grapes in general, including their 

subsequent possible roles in wines.  Due to the likelihood of sesquiterpenes playing 

some role in wine aroma, interest in understanding their biosynthesis, changing 

profiles, and structural features has been on the rise in recent years. As 

sesquiterpenes are concentrated in the waxy layer of grape skins, in general the length 

of time skins are in contact with the juice being extracted, the higher the concentration 

of sesquiterpenes in the final product. Grape pressing and the varying pressures used 

in this process influences the concentration of sesquiterpenes, though this correlation 

is unclear. There are reports of higher pressure increasing terpene content,8 while 

another found that increased pressure used to extract grapes did not show an increase 

in sesquiterpene concentration.75 A study 76 showed that heat treatment of wine would 

encourage the release of glycosidically bound terpenes, and therefore give rise to a 

large increase in free terpene concentrations. This study was carried out on terpenes 

in general, focusing on monoterpenes, which are known to occur in significant 

concentrations in their glycosidically bound forms.77 Some sesquiterpenes have been 

found as glycosidically bound compounds,78 though there are no reports of these 

compounds in V. vinifera. Therefore, whether or not heat treatment of wine would lead 

to increases in sesquiterpene concentrations is unclear. Higher concentrations of 
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ethanol also increases terpene concentration, which it has been suggested is due to 

the non-polar nature of terpenes, meaning they will have higher solubility in ethanol 

than water.8 Terpenes in general are sensitive to temperature and pH changes, as 

well as oxidation. As all these elements are present during wine maturation and 

storage, aroma arising from terpenes can decrease during storage.8 Saccharomyces 

genus yeasts have been found to synthesise sesquiterpene (E,E) farnesol.79 Infection 

of grapes with Botrytis cinerea has been found to cause terpene decomposition,80 

though it has also been found to biosynthesise novel sesquiterpenes.81 

Terpenoids are all biosynthesised from the same original precursors, isopentenyl 

pyrophosphate (IPP), and dimethylallyl pyrophosphate (DMAP). These are formed 

through two different pathways. The first is the mevalonate (MVA) pathway, which 

occurs in the cytosol, the other the methylerythritol (MEP) pathway,82 in cell plastids. 

Sesquiterpenes are thought to use predominantly the MVA pathway derived IPP and 

DMAP 83 (Scheme 1.2). 

 

 

Scheme 1.2. Biosynthesis of sesquiterpene precursor farnesyl diphosphate (FDP). 
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The enzyme farnesyl diphosphate synthase (FDP synthase) forms farnesyl 

diphosphate from IPP and DMAP. Various sesquiterpene synthases then form the 

diverse range of sesquiterpene structures seen in natural sources, with further 

modifications such as oxidations, reductions and cyclisations also occurring. 

 

1.3.2 Previous Studies on Sesquiterpene Profiles in Wine and Grapes 

 

There have been several studies investigating the aroma profiles of sesquiterpenes in 

grapes and wines, seeing how they change temporally between grape varieties, and 

with location of grape growth.3,6,9,48,53,75,84 These studies give information about the 

ability to use sesquiterpene profiles to identify certain varieties, as well as indications 

of when sesquiterpenes are biosynthesised and emitted, and what environmental 

factors influence their biosynthesis and emission.  

Environmental factors influencing sesquiterpene concentrations in grapes are poorly 

understood. There are some reports that sesquiterpene emissions increasing over 

summer is a general trend, but these are not specific to grapevines.85 Investigations 

into changes in profiles in different vintages, different vineyards, and differing locations 

within a vineyard, when related to the differing environmental factors, help to elucidate 

how these factors affect grape sesquiterpene concentrations. A study on emissions of 

sesquiterpene volatiles from grapevine flowers, and the changes throughout the 

stages of flower development as well as throughout the day has been undertaken,53 

shedding some light on what environmental factors affected emission patterns. It 

concluded that temperature was not essential, but light patterns were. Constant 

darkness led to some breakdown in emission patterns after 4 days, but constant light 

led to complete breakdown of normal emission patterns within the first day. Whether 

or not these results translate to sesquiterpene emissions in grape berries would be an 

interesting follow-on to this study. 

Both vineyards studied by Coelho had similar sesquiterpene profiles, though one had 

consistently higher levels and slightly increased diversity. This may be due to 

differences in sun exposure between the two vineyards, which is a hugely influential 
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factor in the grape ripening processes.86 However, as no data on sunlight exposure of 

the two vineyards was collected, no clear assumptions can be made.  

It has generally been reported that cooler environments lead to a more peppery 

character in wines.67  As Caputi’s study was spread over two years, 9 differences in 

the two vintage’s rotundone content were related to the average temperatures over 

the two years. The 2010 vintage had slightly cooler average temperatures, and 

rotundone levels were higher in the grapes sampled from that year. These results are 

in agreement with prior observations. Grapes were also sampled from two different 

locations in the vineyard; one set from a steep hill, and the other from the plains at the 

foot of the hill. It was observed that though sugar levels were similar throughout the 

study in both locations, sesquiterpene levels were consistently higher from the hill 

samples.9 It would be expected that grapes growing on the hill would have higher 

exposure to sun and wind, less water and perhaps poorer soil. Other than these 

assumptions no links can be made to explain this difference in sesquiterpene levels. 

May and Wust showed that changes in vintage and region had strong effects on 

sesquiterpene profiles of some varieties, and relatively little in others. As no 

environmental data on the two vintages and two regions was collected, no 

assumptions can be made on how specific environmental factors affect sesquiterpene 

profiles.3 

Prior studies have shown that the berry ripening period is very important in creating 

the final wine aroma,9 and it is also during this period that terpenoids increase in 

concentration.87  By investigating changes in sesquiterpene profiles over this period, 

information about when sesquiterpenes are biosynthesised and emitted can be 

gathered. Changes in structural features of the profiles can also suggest possible 

chemical processes taking place over the ripening period. This information could help 

understand ways of increasing concentrations of favourable compounds. Two studies 

have investigated the changes in sesquiterpene profiles of grapes over the ripening 

period.  

Coelho et al. investigated only a single variety, collecting samples from different 

regions to help eliminate the effects of natural variability.  The volatiles of variety V. 

vinifera L. cv. ‘Baga’ grapes were predominantly sesquiterpenes (between 56% and 

80%) at maturity. Sesquiterpenes began to appear at the onset of ripening (veraison) 
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at day 14 of observations, and increased until maturity was reached (day 35) and 

remained at those levels until the end of observations into post-maturity at day 49. The 

fact that sesquiterpene concentrations peaked at the same time as traditional maturity 

markers such as sugar content, pH stabilisation and colour suggests that aroma 

compound levels could be used to indicate maturity.  Not only did sesquiterpene levels 

increase, but so did sesquiterpene diversity.6 

May and Wust investigated several varieties, also taking samples from different 

regions as well as over two years, again in order to attempt to rule out natural varietal 

variation to attain a more valid overview of the profile changes due to ripening. Their 

results again showed an increase in sesquiterpene levels and diversity, in agreement 

with Coelho’s results. Additional to these results, observations into general structural 

changes were made. In general, levels of acyclic sesquiterpenes decreased with 

ripening, while levels and diversity of mono-, bi- and tricyclic compounds increased. 

Exceptions to this were Cabernet Sauvignon and Gewürztraminer varieties. 

Gewürztraminer showed very high levels of acyclic sesquiterpenes all through 

ripening, an observation matched by Versini (1994). 84 Cabernet Sauvignon showed 

very little change in sesquiterpene composition, and only a small overall increase in 

levels with ripening.  

Martin et al. (2009) 53 also looked at the change in sesquiterpene emissions throughout 

flower development. They found that sesquiterpenes were mainly present just prior to 

blooming, while the flowers were lengthening. They also found that the sesquiterpene 

concentrations decreased very rapidly once the flowers had bloomed. This suggests 

the period of biosynthesis is short-lived, and does not continue as for some of the other 

volatiles found in the flowers. It is also likely due in part to the very volatile nature of 

sesquiterpenes. 

It is well documented that most wine aroma compounds come not from those aroma 

compounds present in the initial grape matter, but from those formed during 

winemaking processes.4 Investigations into changes in sesquiterpene profiles during 

the winemaking process, especially of those compounds currently or subsequently 

identified as aroma compounds would be very helpful in understanding and 

manipulating wine aroma. The study undertaken by Caputi et al.(2011) 9 focused 

solely on rotundone. A part of the study monitored rotundone level differences in the 
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must, at the end of fermentation, after wine filtration, and in the final wine product. The 

study was repeated over two vintages, from grapes grown in two different locations, 

resulting in four total batches. Rotundone levels measured varied up to 20-fold within 

a single batch over the whole process. Final rotundone levels ranged between 5% and 

7% of the initial levels measured in grapes before processing. Levels rose during 

fermentation, but dropped with the separation of the wine and again in the final 

product. Reasons suggested for these observations include the hydrophobicity of the 

molecule, which would suggest that the increase in ethanol content would improve its 

extraction from grape skins. Removal of the skins and subsequent filtration of the wine 

is proposed to cause the observed drops in rotundone. This study demonstrates the 

effects of winemaking procedures on aroma compounds, as well as suggesting ways 

via which it aroma compound concentrations might be manipulated.  

1.3.2.1 Geographic and varietal effects on sesquiterpene concentrations 

Being able to identify the geographical and varietal origins a product such as wine is 

important for quality control and marketing purposes. Elevated levels of certain 

monoterpenes have long been used to distinguish between Muscat (aromatic) 

varieties and non-Muscat (non-aromatic) varieties of grape.9 By studying the 

sesquiterpene profiles of different varieties, the possibility of identifying grapes and 

wines according to their unique profile is explored. This technique has been 

investigated with promising results in relation to the sesquiterpene profile of olive oils.41 

Using headspace solid phase microextraction (HS-SPME) techniques, distinctions 

could be made not only between oils of Italian and non-Italian origin, but also between 

oils produced in different specified areas within the same region of Italy. Sesquiterpene 

profiles remain consistent throughout the olive oil making process. In the study 9 

carried out on rotundone, concentrations of rotundone changed dramatically 

throughout the winemaking process. If this result is indicative of other sesquiterpenes 

behaviour during winemaking, the use of this technique may be more difficult or 

completely unsuitable to apply to wine identification.  

Initial studies on wine sesquiterpene profiles have provided some tentatively 

encouraging results, however.  May and Wust’s (2012) 3 HS-SPME-GC-MS analysis 

on live entire berries of six different varieties showed that sesquiterpene profiles were 

useful in some cases for differentiating varieties. The profiles of Gewürztraminer, 

Muscat and Cabernet Sauvignon all had very distinct sesquiterpene profiles, with 
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Cabernet Sauvignon and Gewürztraminer not being affected significantly by different 

vintages or vineyard region.  These results indicate this may be a useful way of 

identifying these grape varieties. Riesling, Syrah and Lemberger showed very similar 

sesquiterpene profiles, to the point that they could not be distinguished according to 

their sesquiterpene profiles. For these three varieties, as well as Muscat, region and 

vintage played a more pronounced role in determining their sesquiterpene profiles. 

Another point of interest was the very high content of farnesenes in Gewürztraminer, 

which has previously been reported.84 This suggests it is an identifying characteristic 

of this variety. Also observed was the low overall content of sesquiterpenes in 

Cabernet Sauvignon.  

The study by Lukić et al. (2010) 75 on monovarietal pomace distillates found that the 

Teran distillates showed significantly higher sesquiterpene concentrations than the 

other five varieties. When monoterpene, di-terpene and C-13 norisoprenoid profiles 

were also taken into account, all six varieties could be reliably distinguished from one 

another from these combined profiles. The two vineyards of Baga grapes studied by 

Coelho both had very similar profiles, indicating they could be used as marker 

compounds for this variety. 6 

Ruberto et al. (2008) 48 carried out an investigation into the volatile components of 

grape pomace and stalks, across four important grape varieties in Sicily. In the stalk 

volatiles, they identified between 20 and 34 sesquiterpenes in the different varieties. 

The amount of overall sesquiterpenes was added up for each variety, and when 

compared, the difference found to be statistically different. Although stalks are not 

used in wine production, and no evaluation of differences in individual sesquiterpenes 

was made, this result does provide evidence that different grape varieties have 

significantly different sesquiterpene concentrations. Whether or not the concentration 

in the stalks is indicative of berry concentrations is another factor needing 

consideration in this result. In the grape pomace volatiles, only six sesquiterpenes 

were identified, and only in a single variety at very low levels.  It is worth noting that 

one of the varieties of pomace in which no sesquiterpenes were identified (Cabernet 

Sauvignon), has been reported to contain sesquiterpenes in its berries,3 flower 53 and 

pomace distillates.75 This raises the question of why no sesquiterpenes were identified 

in the pomace of Cabernet Sauvignon. Perhaps concentrations can vary greatly due 

to extraction technique of the distillates (different in Ruberto and Lukić’s procedures). 
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Perhaps different grape juice preparation techniques extract sesquiterpenes to 

differing degrees, though the fact that not even traces of any sesquiterpene was found 

makes this explanation unlikely. Perhaps location can greatly affect concentrations of 

Cabernet Sauvignon (Ruberto in Sicily, Lukić in Croatia), though this would contradict 

the results of the May and Wust study. 

 

1.3.3 Analytical techniques used to study sesquiterpenes  

 

A review of analytical techniques used on sesquiterpenes has been written,88 as well 

as a more recent review looking at various extraction methods coupled with gas 

chromatography techniques, from grape and grape products.89 Several extraction 

techniques have been reported, including distillation, solvent based methods, 

microextraction (including solid phase microextraction and stir bar sorptive extraction) 

and headspace sorption. A wide range of techniques have been used in the analysis 

of sesquiterpenes, including HPLC, GC, both of these coupled with MS, as well as 

NMR, IR and UV based methods. The most common for sesquiterpenes was GC-MS. 

GC MS/MS has the added benefit of being able to identify individual compounds with 

similar retention times from a mixture. Although the sum of all the sesquiterpenes in a 

particular source may be a major component, each individual sesquiterpene is usually 

only present in low concentrations. Due to their similar polarities and formulae, 

sesquiterpenes often have very similar retention times. These two factors pose 

challenges for sesquiterpene analysis from natural sources. 

This body of work aims to further the knowledge around thiol compounds and 

sesquiterpenes as they relate to wine aroma. By developing synthetic and analytical 

methods I aim to elucidate structures, precursors, and changing concentration profiles 

of thiols and sesquiterpenes. 
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Chapter 2 - Thiols 
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2.1 Synthesis of alkyl sulfonic acid aldehydes and alcohols, putative 

precursors to important wine aroma thiols 

 

In order to facilitate studies into the precursors of some well-known volatile aroma 

thiols in wine, pure samples of putative precursors were required for subsequent 

fermentation studies. This chapter describes the synthesis and purification of some 

small organic sulfonic acids of interest as possible thiol precursors. 

 

Reprinted (adapted) with permission from Nina Duhamel, Samuel J. Davidson, 

Federico Piano, Roberto Larcher, Bruno Fedrizzi and David Barker, Tetrahedron Lett. 

2015, 56 (13), 1728-1731.  Copyright 2015 Elsevier. 

DOI: 10.1016/j.tetlet.2015.02.084. 

 

Experimental details of compounds prepared in this chapter can be found in Appendix 

1. 

A copy of the publication can be found in Appendix 5. 

  

https://doi-org.ezproxy.auckland.ac.nz/10.1016/j.tetlet.2015.02.084
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2.1.1 Introduction 

 

Wine aroma is the culmination of the interactions between the grape and yeast 

metabolome, comprising of a great number of metabolites.4,7,8,67 One group of these 

well-known aroma compounds, that have risen to prominence, are the thiols; 3-

sulfanylhexan-1-ol (3SH), 3-sulfanylhexyl acetate (3SHA) and 4-sulfanyl-4-

methylpentan-2-one (4SMP) (Figure 2.1).90 These compounds are present in very low 

concentrations in certain wines, and have an extremely low sensory threshold,91 

imparting strong favourable characteristics to wine aroma.20 It is therefore of 

considerable interest to know how these compounds are formed so that attempts can 

be made to maximise their concentrations in wine.  

As these thiols are not present in grape juice,23,92 it follows they are formed from 

precursors at some stage during the wine making process. Whilst it has been 

established that the non-volatile S-cysteinyl (Cys-3SH, Cys-4SMP) and S-glutathionyl 

adducts (GSH-3SH, GSH-4SMP) (Figure 2.1), which are present in grape juice, are 

metabolised to the thiols in question,15,24,26,93–95  it remains unclear as to whether these 

are the only precursors. It has been found that conversion of Cys-3SH and Glut-3SH 

to 3SH accounts for as little as 1% of total 3SH,27,93 and higher concentrations of Cys-

3SH and Glut-3SH do not consistently result in higher concentrations of the free 

thiols,27 with the same scenario for 4SMP and its precursors.94 These results indicate 

the strong possibility that other important aroma thiol precursors exist.27,30,96 
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Figure 2.1. Known aroma thiols and precursors. 

 

One hypothesis is that structurally related sulfonic acids are possible precursors to the 

thiols of interest. Previous studies have shown that α,β unsaturated compounds, 

including mesityl oxide,35,38,97 in the presence of bisulfite, form several sulfonic acid 

products (Figure 2.2),36,37,98 some of which show obvious chemical analogy to the 

aroma thiols. trans-Hex-2-enal occurs naturally in small (in the range of 0.2 to 1 parts 

per billion)99 amounts in grape juice and wine,39 whilst mesityl oxide hydrate has been 

identified in wine in the range of parts per billion concentration, and has also been 

identified in some species of grape.33 Potassium metabisulfite, in concentrations in the 

range of parts per million, is added by winemakers during the winemaking process for 

its antioxidant activity and is hence in large excess when compared to the natural α,β 

unsaturated compounds.34,100 It is reasonable to assume that the sulfonic acids shown 

in Figure 2.2 could therefore be formed during wine production. The chemical similarity 

between 3SH and its sulfonic acid analogue raises the interesting possibility that 
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sulfonic acids may be reduced by yeast to the corresponding free thiol. In order to 

explore this hypothesis, pure samples of the sulfonic acids 2.1-2.4 are required. 

However, there are few examples of compounds of this type being prepared, whilst 

previous work also lacks detail and contains conflicting information.35–38,97,98 

 

 

Figure 2.2. Sulfonic acids 2.1-2.5. 

In order to explore the feasibility of sulfonic acids as thiol precursors, a study was 

undertaken to explore the reaction between bisulfite and hex-2-enal. Hex-2-enal is 

found naturally in grape juice 99, and bisulfite is added to reduce spoilage due to 

oxidation 101. It is proposed that the enzymatic reduction of the sulfonic acid 2.4 

(Scheme 2.1) could be an additional mechanism of 3SH formation in wine. 

 

  

Scheme 2.1. The sulfonic acid analogue of 3SH 

 

The bisulfite ion can add to both the carbonyl of the aldehyde, and via Michael addition 

at the internal alkene position of hex-2-enal, via the proposed reaction mechanism 
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shown in Scheme 2.2.  Once bisulfite has added at the carbonyl to give the kinetic 

sulfonic acid 2.5, the Michael addition cannot proceed, but as the carbonyl addition is 

reversible, reverting to hex-2-enal, the Michael addition can then proceed to give 

sulfonic acid aldehyde 2.4. This compound then undergoes addition at the carbonyl to 

give disulfonic acid 2.3. This reaction scheme follows that proposed by sulfonic 

addition to the analogous but-2-enal in beer 38.  

 

 

Scheme 2.2. Reaction mechanism between hex-2-enal and bisulfite 

 

2.1.2 Results and discussion 

 

The 4SMP sulfonic acid analogue 2.1 was synthesised adapting a previous method,35 

using a mixture of mesityl oxide, sodium metabisulfite and triethylamine (Scheme 2.3). 

It was found that rapid purification using an ion exchange resin was required or 

formation of the difficult to purify sulfonic acid triethylamine salt was favoured. 

Purification was therefore undertaken immediately following workup of the reaction 

and gave the desired sulfonic acid 2.1 in 62% yield.  

 

 

 

Scheme 2.3. Synthesis of sulfonic acid 2.1. Reagents and conditions: (i) 40% w/v aq. NaHSO3 (3 

equiv.), Et3N (3 equiv.), MeOH, r.t. 24 h, 62%. 
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Previous studies have reported that isolating sulfonic acid aldehydes, such as 2.4, has 

proven problematic.37,102,103 It was therefore decided to attempt bisulfite addition to 

trans-ethyl hex-2-enoate 2.6 rather than trans-hex-2-enal. This would stop competing 

1,2-addition, as well as the oxidation of the aldehyde to the acid. Ester 2.6 was 

prepared via Wittig reaction of butanal with 

(carbethoxymethylene)triphenylphosphorane giving ester 2.6 in 72% yield. Ester 2.6 

was reacted with 1.1 equivalents of aqueous sodium bisulfite which unexpectedly gave 

acid 2.7 as the major product, along with a lesser amount of ester 2.8, showing that 

standard conditions for bisulfite addition also result in ester hydrolysis. Unfortunately, 

both acid 2.7 and ester 2.8 were particularly resistant to reduction, and both required 

refluxing with excess of lithium aluminium hydride in THF in order to proceed. These 

conditions gave mixtures of the sulfonic acid alcohol 2.2 and a sulfonate-

tetrahydrofuran chelate, in quantitative yield. Acidification of the product mixture failed 

to remove the chelated THF, as did purification using an ion exchange resin. However, 

it was found that with careful silica column chromatography, using (99:1) methanol: 

acetic acid the desired alcohol 2.2 could be obtained in 80% yield from ester 2.8, with 

a lower 12% yield of 2.2 being obtained from the reduction of acid 2.7 (Scheme 2.4).  

 

 

 

Scheme 2.4. Synthesis of alcohol sulfonic acid 2.2. Reagents and conditions: (i) Ph3P=CHCO2Et (1.2 

equiv.), DCM, r.t. 47 h, 72%; (ii) 40% w/v aq. NaHSO3 (1.2 equiv.), Et3N (1.2 equiv.), MeOH, reflux 18 

h, 2.7, 31%, 2.8, 25%; (iii) LiAlH4 (5 equiv.), THF, reflux, 23 h. 
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It was then envisaged that oxidation of alcohol 2.2 would give the desired aldehyde 

2.4. Oxidation using either Dess-Martin periodinane (DMP) or under Swern conditions 

gave only trace amounts of aldehyde 2.4. In both cases separation of the water-soluble 

product 2.4 from the reaction by-products proved troublesome. These difficulties in 

purification prompted an alternative method to aldehyde 2.4 being explored. As 

diadduct 2.3 was required, it was decided to attempt to synthesise aldehyde 2.4 via 

base induced elimination of the C-1 sulfonic acid of diadduct 2.3 (Scheme 2.5). Whilst 

uncommon, similar eliminations have been reported, however details are scant and 

conflicting.97,98,102  

Addition of bisulfite to aldehyde groups occurs rapidly, giving 1,1-hydroxysulfonic 

acids, which in the case of addition to α,β unsaturated aldehydes results in the inability 

of 1,4-addition. When this occurs, complex mixtures of products are often 

formed.36,37,98 Therefore, in order to prepare a pure sample of the disulfonic hexanal 

adduct 2.3, I wished to develop an improved diaddition protocol. By incorporating the 

addition of an amine base into the reaction, it was expected that the equilibrium 

between free hex-2-enal and hydroxysulfonic acid 2.5 would favour hex-2-enal, and 

thus the 1,4 addition of bisulfite would be greatly increased. When the reaction was 

undertaken in the absence of base at room temperature, after 95 hours the sole 

product was the hydroxysulfonic acid adduct 2.5 (Scheme 2.5). However, when 0.2 

equivalents of triethylamine was added, after 12 hours only the desired diadduct 2.3 

was obtained in 88% yield.  
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Scheme 2.5. Synthesis of sulfonic acids 2.3-5. Reagents and conditions: (i) 40% w/v aq. NaHSO3 

(2.1 equiv.), 1:1 MeOH:H2O, r.t. 95 h, quant.; (ii) 40% w/v aq. NaHSO3 (2.1 equiv.), Et3N (0.2 equiv.), 

1:1 MeOH:H2O, r.t. 12 h, 88%; (iii). NaHCO3 (14 equiv.), 1:1 MeOH:H2O, r.t. 28 h 29% or PS-BMEP (3 

equiv.), H2O r.t. 22 h then 2M HCl, 90%. 

 

To form the required sulfonic acid aldehyde 2.4, a large excess of sodium bicarbonate 

was then added to a solution of diadduct 2.3 in methanol. This raised the pH of the 

reaction to 8, and the mixture was stirred for 28 hours, resulting in the elimination of 

bisulfite giving aldehyde 2.4. Purification of aldehyde 2.4 again proved to be 

problematic. Attempts to purify the mixture through acidic ion exchange resin proved 

unsuccessful, with oxidation of the aldehyde to the carboxylic acid a major side-

reaction. Filtration of the excess bicarbonate and lowering to pH 6 gave aldehyde 2.4 

in higher purity but in yields of 5% or less. It was found that by repeated extraction of 

the bicarbonate-contaminated product, using methanol, the purity of aldehyde 2.4 

could be increased. This simple procedure allows the preparation of sulfonic acid 

aldehydes which have proved difficult to isolate in previous studies.37,102,103 Another 

method was attempted, using the strong, polystyrene-bound base tert-butylamino-2-

diethylamino-1,3-dimethyl-perhydro-1,3,2-diazaphosphorine (PS-BEMP). By stirring a 

solution of diadduct 2.3 in water with 3 equivalents of PS-BEMP for 23 hours, followed 

by release of the sulfonic acid using 2 M HCl, aldehyde 2.4 was obtained in 30% yield.  
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In an attempt to explore the kinetics of the reaction of hexenal and bisulfite, several 

kinetic tests were performed in a range of model solutions and conditions (Table 2.1). 

Progress was monitored via proton and carbon NMR. In all conditions trialed, 

formation of the kinetic product 2.5 was seen immediately. The formation of the 

thermodynamic product disulfonic acid 2.3 appeared within hours and was the 

predominant or sole product within 24 hours, but in some conditions as soon as within 

2 hours. However, the aldehyde intermediate 2.4, was never definitively isolated. It is 

hypothesised that once the Michael addition has occurred, the subsequent carbonyl 

addition happens too rapidly for the concentration of aldehyde 2.4 to build up to large 

enough concentrations be seen on NRM. 

 

Table 2.1. Conditions tried in kinetic study. PMS = Potassium metabisulfite 

Matrix Reagents pH Notes 

H20, 10% D2O, Sat. tartaric acid, 200g/L sucrose Hexenal 190mM, NaHSO3 190mM 3.2 Model solution 

H20, 10% D2O, Sat. tartaric acid Hexenal 190mM, NaHSO3 190mM 3 No sugar 

H20, 10% D2O, Sat. tartaric acid, 100g/L fructose, glucose Hexenal  14.25mM, NaHSO3 29M 3.3 Lower concentration 

H20, 10% D2O, Sat. tartaric acid, 100g/L fructose, glucose Hexenal  0.5µM, NaHSO3 1.8mM 2.8 Lowest conc. detectable 

Juice, 10% D2O Hexenal 100mM, PMS 1.5M 3.3 Large sulfite excess 

H2O, 10% D2O, 2M HCl, 100g/L fructose, glucose Hexenal 20mM, PMS 100mM 3.2 Excess sulfite, PMS 

H2O, 10% D2O, 2M HCl, 100g/L fructose, glucose Hexenal 100mM, PMS 1M 3.2 Higher concentration 

Juice, 10% D2O Hexenal 100mM, PMS 1M 3.3   

H2O, 10% D2O, 2M HCl, 100g/L fructose, glucose Hexenal 190mM, PMS 190mM 3.2 1:2 Hexenal: Sulfite 

Juice, 10% D2O Hexenal 190mM, PMS 190mM 3   

H2O, 10% D2O, 2M HCl, 100g/L fructose, glucose Hexenal 190mM, PMS 95mM 3.3 1:1 Hexenal: Sufite 

Juice, 10% D2O Hexenal 190mM, PMS 95mM 3.2   

D20, 10% acetonitrile, H2SO4  Hexenal 100mM, Na2SO3 100mM 4.5 Simplified matrix 

D20, 10% acetonitrile, H2SO4 Hexenal 100mM, Na2SO3 50mM 4.5 2:1 Hexenal: Sulfite 

D20, 10% acetonitrile, H2SO4 Hexenal 1M, Na2SO3 1M 4.5 High concentration 

D20, 10% acetonitrile, H2SO4 Hexenal 50mM, Na2SO3 1M 4.5 Large sulfite excess 

 

Attempts a discerning a rate constant for the reaction did not yield any definitive 

results. Selected results are shown in Figure 2.3.   
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Figure 2.3. Selected results of kinetic studies. NMR integrations all relative to solvent peak. 

 

Replicate reactions yielded highly variable results, across all conditions tried. This is 

likely due in part to the very rapid formation of the kinetic product, the very rapid 

reaction from sulfonic acid aldehyde 2.3 to disulfonic acid 2.3, and, in some conditions, 

the low concentrations of the acids and large signals from sugars also in solution 

causing imprecise quantification from proton NMR. 

In summary the synthesis of low molecular weight sulfonic acids 2.1-4 has been 

achieved. These methods could be applied to the preparation of similar compounds 
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which have previously been reported to be difficult to obtain in pure form. 

Investigations into the possibility of the prepared compounds being precursors to the 

wine aroma thiols have been enabled and future fermentation experiments will 

ascertain whether the sulfonic acid functionality in acids 2.1-4 can be reduced to the 

free thiol by wine yeasts.  

Although results were supportive of the proposed reaction mechanism, no aldehyde 

2.4, the compound of interest, could be isolated in the reaction mixture using the 

techniques employed. Simplifying the matrix, increasing concentrations and 

manipulating the ratio of bisulfite to hex-2-enal all proved unable to force large enough 

concentrations of aldehyde 2.4 to be detected. 
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Chapter 3 - Sesquiterpenes 
  



34 
 

 

3.1 Convenient synthesis of deuterium labelled sesquiterpenes 

 

To continue facilitating the exploration of aroma compounds in wine, focus turned to 

another class of compounds, the sesquiterpenes. The first task was to prepare 

deuterated standards to enable accurate mass spectrometry studies of 

sesquiterpenes. Chapter 3.1 describes the synthesis of 9 deuterium labelled 

sesquiterpene standards.  

 

Reprinted (adapted) with permission from Nina Duhamel, Bruno Fedrizzi, Damian 

Martin, Roberto Larcher and David Barker, Tetrahedron Lett. 2016, 57 (40), 4496-

4499. Copyright 2016 Elsevier.  

DOI: 10.1016/j.tetlet.2016.08.079. 

 

Experimental details of compounds prepared in this chapter can be found in Appendix 

2. 

A copy of the publication can be found in Appendix 5.  

https://doi-org.ezproxy.auckland.ac.nz/10.1016/j.tetlet.2016.08.079
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3.1.1 Introduction  

 

Sesquiterpenes are an important member of the terpenoid family. Like other members 

of this family they are made of isoprene units, three in this case. More than 5,000 

sesquiterpenes have been identified and their roles range from plant growth regulators 

59 to plant signalling species,104 to herbivore-induced plant defences.57 Some plant-

derived sesquiterpenoids have also been identified as anti-inflammatory and anti-

cancer species.42,68,105 

Their biosynthesis is strictly linked to that of monoterpenes for which the current 

knowledge is much more extended.106 In reality, sesquiterpene biogenesis is less 

understood, even if some crucial steps, such as the importance of the MEP pathway 

and of the mevalonic acid pathway have been pinpointed.60,107 These molecules 

possess a hydrocarbon backbone and have been grouped into a number of skeletal 

types according to their structure.108 The highly diverse and complex skeletons have 

made their unique identification and quantification extremely challenging. Even in the 

most advanced and recent studies 3,53,75,85,109–111 significant limitations on their 

chemical detections are encountered, with several sesquiterpenes only tentatively 

identified and with almost no quantitative detection due to the lack of suitable 

standards. 

Isotopic labelled precursors have been previously used to study the biogenesis of 

sesquiterpenes as well as the enzymes responsible for the huge range of cyclized 

products.107,112–114 However, these studies fall short in the quantification and 

identification of other labelled species that could have potentially been formed. 

Similarly, the total syntheses of sesquiterpenes have been widely reported in the 

literature,45,115 but these have not proven useful in terms of identifying and especially 

quantifying these species in plant tissues as no labelled sesquiterpenes were also 

synthesized.  

The availability of pure, isotopically labelled, sesquiterpene analogues could prove 

pivotal to study the formation and evolution of these molecules in complex biological 

matrices, as vastly proven in other fields.116–119 Therefore instead of introducing 

labelled sesquiterpene building blocks, which can lead to the formation of a number of 

sesquiterpenes without the possibility of resolving them, I have proposed synthetic 
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strategies that allowed us to obtain new isotopically labelled sesquiterpenes. These 

molecules could then be used for analytical purposes in MS-based Standard Isotopic 

Dilution Analysis (SIDA) approaches. 

The general approach was to obtain commercially available sesquiterpenes or 

sesquiterpenoids, and carry out efficient synthetic chemistry on these, in order to 

introduce deuterium atoms. The introduced deuterium atoms are required to be 

sufficiently stable to be retained in some of the fragments formed during ionization in 

MS or MS/MS analyses. The use of deuterium labelling was chosen over the use of 

13C labelled compounds as this allowed commercially available non-labelled 

compounds to be utilised as starting materials. 13C labelled sesquiterpenes have 

recently been reported for use in mechanistic studies on this class of compounds, 

however, they require de novo synthesis from more expensive labelled 

precursors.120,121  

 

3.1.2 Results and discussion 

 

The first set of standards were created using hydroxyl containing sesquiterpenoids. 

The first structure used was the commercially available sesquiterpene (E,E)-farnesol 

3.1.1. (E,E)-Farnesol 3.1.1 and its derivatives (E,E)-farnesyl acetate and (E,E)-methyl 

farnesoate are all known volatile compounds, though their contribution to wine aroma 

has not been explored. Addition of an acetate group via reaction of the primary alcohol 

with acetyl chloride proceeded in a straight forward manner to give (E,E)-farnesyl 

acetate. Replacing acetyl chloride with (D3)-acetyl chloride provided a simple method 

for deuterated methyl group introduction. However, though easy to introduce, these 

acetyl deuterium labels can be easily lost to fragmentation during mass spectrometry 

resulting in the majority of the standards’ fragments being identical to the target 

compounds’. In a revised synthesis, (E,E)-farnesol was oxidized to farnesal, then to 

(E,E)-farnesoic acid 3.1.2 using a Pinnick oxidation.122 Reduction of the acid using 

lithium aluminium deuteride, gave (D2)-farnesol 3.1.3. Acetylation as above, using 

(D3)-acetyl chloride, was then carried out, giving (D5)-farnesyl acetate 3.1.4. 
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Scheme 3.1.1. Synthesis of farnesol based standards. (a) 1. DMP (1.5 eq.), CH2Cl2, rt, 4h; (b) 

NaClO2 (9 eq.),  NaH2PO4 (7 eq.), t-BuOH:2-methyl-2-butene 4:1, rt, 48 h. 92% (over two steps) (c) 

LiAlD4 (2 eq.), Et2O, 1 h, 94%; (d) (D3)-acetyl chloride (1.2 eq.), pyridine (1.2 eq.), CH2Cl2, 23 h, 55%; 

(e) EDC (10 eq.), DMAP (16 eq.), CH2Cl2, CD3OH (50 eq.), 63%. 

 

The second standard was made from (E,E)-farnesoic acid 3.1.2 via esterification using 

(D3)-methanol and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to form (D3)-

methyl farnesoate 3.1.5 in 63% yield (Scheme 3.1.1).  

The next set of standards were made from two commercially available cyclic 

sesquiterpenes, (+)-aromadendrene 3.1.8 and (-)-caryophyllene oxide 3.1.9. These 

sesquiterpenes contain a single terminal exocyclic alkene, and no other functional 

groups, other than the epoxide on the (-)-caryophyllene oxide 3.1.9. The designed 

approach to deuterium labelling was the oxidation of the terminal alkene groups to the 

ketone derivatives, which would then undergo reaction with a deuterium labelled Wittig 

reagent, resulting in the original sesquiterpene where the terminal olefinic protons are 

replaced with deuteriums. 

Ozone was initially explored for the synthesis of the ketone derivatives, but this 

resulted in significant amounts of side products. However, use of a two-step procedure 

of dihydroxylation followed by diol cleavage gave the desired norsesquiterpene 
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ketones (-)-3.1.10 and (-)-3.1.11 in good yield with little by-product formation. Another 

sesquiterpene was prepared via an elimination de-epoxidation reaction, using an 

iodohydrin intermediate, of (-)-caryophyllene oxide ketone derivative (kobusone) (-)-

3.1.10 to form the β-caryophyllene ketone derivative (-)-3.1.12 (Scheme 3.1.2). The 

de-epoxidation reaction gave a 5.5:1 ratio of the trans isomer, over the cis isomer 

(isocaryophyllene). 

The deuterated Wittig reagent was freshly prepared by stirring methyl 

triphenylphosphonium bromide in excess deuterium oxide with sodium deuteroxide for 

4 hours.123 The reaction time and the amount of sodium deuteroxide was optimised to 

maximize the percentage of deuterium exchange, while minimizing the formation of 

the ylide (Table 3.1.1). Although ultimately ylide formation is desired for the Wittig 

reaction, its formation during the deuterium exchange step is undesired, as the 

reactive ylide degrades with prolonged storage. The optimum stirring time, for the 

preparation of 1 g of deuterated reagent was 4 hours, using 0.50 mL of sodium 

deuteroxide (30 wt% in D2O) in 10 mL of D2O. Standard Wittig reaction conditions 

were then successfully employed with ketones (-)-3.1.10, (-)-3.1.11 and (-)-3.1.12 

using the labelled Wittig reagent to give D2-labelled products (+)-3.1.8a, (-)-3.1.9a, (-

)-3.1.13a in 48-79% yields with approximately 95% deuterium incorporation. 

Deuterium incorporation was measured by comparing the resulting ratio of the 

integrations of the deuterated methyl peak against a phenyl peak integration. 

Table 3.1.1. Deuteration of Wittig reagent optimisation. 

Wittig reagent amount Time stirred % Yield % deuterium incorporation 

1g 10 mins 90 20 

1g 4h 78 92 

5g 22h 61 99 

1g 4h 79 95 

6g 3h 63 96 

2g 4h 88 98 

2g 4h 96 92 

5g 6h 82 92 

2g 3h 99 95 
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Scheme 3.1.2. Synthesis of deuterated alkenes. (a) OsO4 (0.01 eq.), NMO (3 eq.), t-BuOH: H2O 3:1, 

70 h; (b) sodium metaperiodate (1.2 eq.), MeOH: H2O 3:1, 4 h; (c) CD3PPh3Br (2 eq.), n-BuLi (1.5 

eq.), THF, -78 ºC to rt, 24 h; (d) Zn (5.7 eq.), NaI (1.7 eq.), NaOAc (1.03 eq.), AcOH, 48h, rt. 

 

Considering the possible EI-MS structural lability of the deuterated methylene groups 

from these terminal alkenes, it was decided to introduce additional deuterium labels to 

the carbon adjacent to the terminal alkene. This was possible by exchange of the 

acidic α-protons of the previously prepared ketone intermediates. Using a method 

reported by Tkachov and co-workers,124 deuteration of ketones (-)-3.1.10-12 was 

found to be efficient giving deuterated ketones (-)-3.1.10a-12a. Deuteration of ketones 

(-)-3.1.10 and (-)-3.1.12 resulted in exchange of the α-protons on the 9 membered 

ring, but not of the proton at the bridging carbon with the cyclobutane ring. However, 
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with ketone (-)-3.1.11 deuterium substitution occurred at both the α-carbons, resulting 

in (D3)-ketone (-)-3.1.11a (Scheme 3.1.3). It should be noted that the labelled ketones 

(-)-3.1.10a-12a are also useful SIDA MS/MS analysis standards, as these 

norsesquiterpenes have all been identified as either natural products or, for (-)-

3.1.11a, of interest as a synthetic starting material.125–127 

 

 

Scheme 3.1.3. Synthesis of α-deuterated ketones and highly substituted sesquiterpenes. (a) D2O (16 

eq.), NaOD (1 eq.), dioxane, reflux 100 ºC, 40 h; (b) CD3PPh3Br (2 eq.), n-BuLi (1.5 eq.), THF, -78 ºC 

to rt, 24 h. 

 

With these (D2) and (D3) labelled ketones in hand, the Wittig reaction was undertaken 

on ketones (-)-3.1.10a-12a to give (D4) and (D5) labelled sesquiterpenes (+)-3.1.8b, (-

)-3.1.9b, and (-)-3.1.13b, now containing deuterium labels on both cyclic and exocyclic 

carbons (Scheme 3.1.3).  

Finally, an additional deuterated sesquiterpene was prepared via the rearrangement 

of (D2)-(+)-aromadendrene 3.1.8a to (D2)-(-)-isoledene 3.1.14a. The rearrangement 
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occurs under harsh conditions upon reaction of (+)-aromadendrene 3.1.8 with 

potassium metal on Al2O3 in hexanes, but no mechanistic information has been 

reported.128,129 It was discovered by undertaking the rearrangement on (D2)-labelled 

(+)-aromadendrene 3.1.8a, that the deuterium atoms remain on the exocyclic methyl 

(C-4), with no loss of deuterium at this position, thus suggesting that proton transfer 

from C-1 and C-2 to C-3 and C-4 occurs without scrambling of the protons at the 

terminal C-4 position (Scheme 3.1.4). 

 

 

Scheme 3.1.4. Rearrangement of labelled (+)-aromadendrene 3.1.8a to (-)-isoledene 3.1.14a. (a) 

K/Al2O3, hexanes, 12 h, rt, 50%. 

 

Preliminary studies in grape and wine were based on gas chromatography tandem 

mass spectrometry (GC-MS/MS). Optimization of the MS/MS conditions allowed us to 

focus on the molecular ion and exploit the 3-5 Da m/z shift caused by the stable 

isotopic labelling. The standards prepared were used as internal standards in stable 

isotopic dilution (SID) MS/MS studies, to accurately quantify sesquiterpene levels in 

biological samples. Figure 3.1.1 shows the EI-MS/MS scan spectra obtained for some 

labelled and unlabelled sesquiterpenes studied. 
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Figure 3.1.1. Examples of MS experiment with labelled and unlabelled sesquiterpenes fragmentation. 

 

In conclusion the methods presented herein provide a robust route for the synthesis 

of deuterated sesquiterpenes with various amounts of deuteration as required. The 

use of these labelled sesquiterpenes in the quantitative analysis of plant and fruit 

matrices is reported in chapters 3.2 and 3.3.  
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3.2 Facile gas chromatography–tandem mass spectrometry stable isotope 

dilution method for the quantification of sesquiterpenes in grape  

 

Using the deuterated standards prepared as described in Chapter 3.1, a gas 

chromatography mass spectrometry method was developed. Chapter 3.2 describes 

the method development and validation for the accurate quantification of these 

sesquiterpenes in grape juice. 

 

Reprinted (adapted) with permission from Nina Duhamel, Davide Slaghenaufi, Lisa I. 

Pilkington, Mandy Herbst-Johnstone, Roberto Larcher, David Barker and Bruno 

Fedrizzi, J. Chrom. A. 2017, 1537, 91-98. Copyright 2017 Elsevier.  

DOI: 10.1016/j.chroma.2017.12.065 

 

Supporting information for this chapter can be found in Appendix 3. 

A copy of the publication can be found in Appendix 5. 

 

  

https://doi-org.ezproxy.auckland.ac.nz/10.1016/j.chroma.2017.12.065
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3.2.1 Introduction 

 

Sesquiterpenes are a structurally diverse group of isoprene-based compounds, which 

have been isolated from a wide variety of natural sources.115 To date, over 5000 

different sesquiterpenes have been identified, though many only tentatively, without 

full structure elucidation, 3,6 suggesting there are more sesquiterpenes to be 

investigated. Sesquiterpenes can play important biological roles in plants including 

growth regulation, signalling, and defence.57,104 Additionally, there is currently interest 

in the medicinal properties of many sesquiterpenoids, which have shown a range of 

beneficial properties including anti-inflammatory and anti-cancer activity.42,68,130 Over 

90 different sesquiterpenes have been found in various grape varieties and grape 

products.131,132 This has led to an increased interest in sesquiterpenes within wine 

science, due to the potential health benefits of wines containing these compounds.133 

A recent study linking sesquiterpenes to the smell of grapevine flowers 53 raises the 

interesting possibility of the role of sesquiterpenes in contributing to flower pollination. 

Currently, only one sesquiterpenoid, rotundone, has been identified as a wine aroma 

compound, where it was found to be the key compound for peppery aromas in Syrah 

wines from Australia 11 and other European wines.9,134,135 

In order to further develop an understanding of this class of compounds, it is crucial to 

be able to accurately quantify them. Though several studies have been undertaken to 

establish sesquiterpene profiles in grapes and wines 3,6,136 and investigations into their 

biosynthetic pathways, 60,107,137 none have performed a thorough quantitative 

analysis.89 This may be due to the lack of available standards, coupled with the 

difficulty of accurately analysing the low concentrations generally found in complex 

matrices such as wine and grape juices. Reported concentrations in wine lie between 

trace amounts and 5.4 μg/L138, while the few studies to have quantified sesquiterpenes 

in grapes reported concentrations ranging from trace amounts to 50 μg/L. 67,139,140  

Several studies have used SPME extraction coupled with GC–MS analysis to detect 

sesquiterpenes in grapes, grape juice, and wines,3,136,138 and a thorough review of 

extraction and GC–MS methods for the analysis of sesquiterpenes in grapes and 

wines has recently been published.89 In this study, deuterium labelled sesquiterpenes 

141 have been introduced for the first time, and this has allowed the accurate 
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quantification via stable isotope dilution analysis (SIDA). This technique was 

implemented using head space solid phase microextraction (HS-SPME) coupled with 

gas chromatography tandem mass spectrometry (GC–MS/MS). This combined 

approach allowed ten sesquiterpenes in grape juice to be quantified for the first time 

in a single analysis. To the best of our knowledge, this is the first sesquiterpene 

quantification method employing SIDA methodology or optimized for several 

sesquiterpenes in a grape matrix. The recent and wide interest in this class of 

molecules coupled with the intrinsic complexity in synthesizing and measuring these 

compounds, make this paper a cornerstone for further studies on this topic. 

 

3.2.2 Materials and methods  

 

3.2.2.1 Chemicals and materials. 

Labelled (deuterium) and unlabelled standards were synthesized as previously 

reported.141 The sesquiterpenes considered were: (+)-aromadendrene 

[(1aR,4aR,7R,7aR,7bS)-decahydro1,1,7-trimethyl-4-methylene-1H-

cycloprop[e]azulene], (−)-aromadendrene ketone [(1aR,4aR,7R,7aS,7bS)- 

decahydro-1,1,7-trimethyl-4H-cycloprop[e]azulen-4-one], (−)--caryophyllene [trans-

(1R,9S)-8-methylene-4,11,11- trimethylbicyclo[7.2.0]undec-4-ene], (−)-caryophyllene 

ketone [(1S,9R,Z)-6,10,10-trimethylbicyclo[7.2.0]undec-5-en-2-one], (−)-

caryophyllene oxide [(1R,4R,6R,10S)-9-methylene4,12,12-trimethyl-5-

oxatricyclo[8.2.0.04,6]dodecane], (−)-caryophyllene oxide ketone [(1R,4R,6R,10S)-

4,12,12- trimethyl-5-oxatricyclo[8.2.0.04,6]dodecan-9-one], (−)-isoledene 

[(1aR,4R,7R,7bS)-1,1,4,7-tetramethyl-1a,2,3,4,5,6,7,7b-octahydro-1H-

cyclopropa[e]azulene], trans,trans-farnesol [(2E,6E)-3,7,11-trimethyldodeca-2,6,10-

trien-1-ol], trans,trans-farnesyl acetate [(2E,6E)-3,7,11-trimethyl-2,6,10-dodecatrien-

1-ol acetate], and trans,trans-methyl farnesoate [(2E,6E)-3,7,11- trimethyl-2,6,10-

dodecatrienoic acid methyl ester]. Type 1 quality pure water (18.2 MΩ cm) was 

produced from distilled water by an Arium Pro UV DI Ultrapure Water System 

(Sartorius, Göttingen, Germany). (+)-Aromadendrene (97%) and (−)-caryophyllene 

oxide (95%) were purchased from Sigma Aldrich. Trans, trans-farnesol (98%) was 

purchased from AK Scientific.  
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3.2.2.2 Juice samples  

A Muscat grape juice (pH 3.29, °Brix 19.56) pressed from fresh berries was used to 

optimize and calibrate the analytical conditions. Sodium azide (188 mg/L; 99.9%, 

SigmaAldrich, Germany) was added immediately after preparation, to inhibit 

fermentation. The juice was then stored at −20 °C for approximately 6 months, and 

thawed the day prior to use. The juice was spiked with a 6 μg/L (of each compound) 

mixture of the non-labelled sesquiterpenes for SPME and GC–MS conditions 

optimization. After optimization and validation of the method, 17 grape juices were 

analysed in duplicate. All optimization and validation analyses were performed in 

triplicate.  

3.2.2.3 Sample preparation  

The juice was clarified by centrifugation at 4000 rpm (1800 × g) for 5 min at 20 °C in 

order to eliminate debris (filtration may induce compound losses, so centrifugation was 

favoured). To determine potential analyte loss due to centrifugation, samples were run 

in duplicate with and without centrifugation. As centrifugation is a widespread method 

used for the preparation of grape products for analysis,6,9,131,134 it was expected that 

no analyte loss would be detected, as was the case (Table A3.6). 10 mL samples of 

juice were placed in a 20 mL vial and sealed with a PTFE-lined cap (Supelco, 

Bellefonte, PA, USA). 100 μL of the internal standard stock solution (between 500 and 

5000 μg/L depending on the sesquiterpene, resulting in a sample concentration of 

between 5 and 50 μg/L. Table A3.1) was added to each 10 mL juice sample, for 

validation and application experiments.  

3.2.2.4 HS-SPME extraction  

Several fibre coatings were tested (Supelco, Bellefonte, PA, USA): divinylbenzene–

carboxen–polydimethylsiloxane 50/30 μm (DVB/CAR/PDMS), carboxen–

polydimethylsiloxane 75 μm (CAR–PDMS), polydimethylsiloxane 100 μm (PDMS-

100), and polydimethylsiloxane–divinylbenzene 65 μm (PDMS–DVB). Before use, 

each fibre was conditioned as recommended by the manufacturer. Headspace SPME 

was performed with the following final parameters: extraction temperature: 60 °C; 

incubation time: 6 min; extraction time: 65 min; agitation rate: 250 rpm. Desorption 

was performed in the injector at 250 °C for 10 min.  
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3.2.2.5 Analysis conditions  

GC–MS/MS analysis was carried out on a Varian 450 gas chromatograph system 

coupled to a triple quadrupole mass spectrometer Varian 300 TQMS, equipped with a 

Combi PAL autosampler (Zwingen, Switzerland). Injections were done in splitless 

mode. Separation was performed on a VF-WAXms capillary column (30 m × 0.25 mm, 

0.25 μm film thicknesses, Agilent Technologies, Netherlands). The carrier gas was 

helium set at 1.2 mL/min. The oven temperature was programmed at 60 °C for 7 min 

then raised to 220 °C at 3 °C/min, and then held at 220 °C for 30 min. The mass 

spectrometer operated in electron ionization (EI) positive mode (70 eV) and acquisition 

was performed in Multiple Reaction Monitoring (MRM) mode. Argon was used as 

collision gas (1.6 m Torr). The transfer line and source temperature were set at 250 

°C and 200 °C, respectively.  

3.2.2.6 Method validation  

Limits of detection (LOD) were determined by measuring three times a signal to noise 

ratio. The limits of quantification (LOQ) were determined as ten times the S/N ratio.142  

To prepare calibration curves, grape juice samples (as described in 3.2.2.2) were run 

in triplicate at 14 different sesquiterpene concentrations (Table A3.5). Two 

concentrations were chosen for each sesquiterpene, one at the lower end (level 6) of 

the scale used for calibration, and one at the higher end (level 11) as shown (Table 

A3.5). Each concentration was repeated ten times, from which repeatability was 

calculated.  

3.2.2.7 Must sample preparation  

In order to show the applicability of the method, 17 must samples were analysed using 

this method. Two Pinot Gris, five Chardonnay, five Sauvignon Blanc, and five Merlot 

musts from the Trentino-Alto Adige region of Italy were tested. In order to prepare the 

must for testing, it was first defrosted, then centrifuged for 5 mins at 4,000 rpm and the 

pH raised to 7 using NaOH (1 M–0.1 M) aqueous solution. 10 mL of the supernatant 

was added to 3.5g of NaCl. Finally, each vial was spiked with an internal standard 

stock solution. Each must sample was run in duplicate. 
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3.2.3 Results and discussion 

 

3.2.3.1 MS/MS transition selection 

A full scan of each sesquiterpene was run in order to find the corresponding retention 

time, as well as to find suitable precursor ions in terms of selectivity and sensitivity 

(Figures A3.1 and A3.2). Product ions were determined by submitting each precursor 

ion to collision induced dissociation (CID) experiment. A minimum of two transitions 

were picked to identify and monitor each sesquiterpene.143 The collision energy (CE) 

was optimized for each transition in a range between 5 and 50 eV (Table A3.2). 

3.2.3.2 Fibre selection 

Four different fibres were tested to establish the best HS-SPME extraction conditions. 

Due to the range of functionalities of the target analytes, a range of fibres including 

polar and non-polar functionalities were tried. According to literature, the most 

common fibres found to work well with sesquiterpenes are PDMS and PDMS-CAR-

DVB.89 Though PDMS-CAR-DVB gave rise to bigger signals for some of the 

sesquiterpenes ((-)-caryophyllene, trans-farnesyl acetate, (-)-caryophyllene oxide 

ketone), PDMS was the only fibre to consistently produce a signal for all 

sesquiterpenes tested (Figure 3.2.1). It also gave the largest signals for those 

sesquiterpenes which had the smallest signals amongst the sesquiterpenes analysed, 

such as trans-farnesol, trans-methyl farnesoate and (-)-aromadendrene ketone. For 

these reasons, PDMS was selected as the optimal fibre.  
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Figure 3.2.1. Absolute peak areas of sesquiterpenes with different fibers. A= (+)-Aromadendrene, 

AK= (-)-aromadendrene ketone, C = (-)-caryophyllene, CK= (-)-caryophyllene ketone, CO = (-)-

caryophyllene oxide, COK= (-)-caryophyllene oxide ketone, F = trans-farnesol*, FA= trans-farnesyl 

acetate, I = (-)-isoledene, MF = trans-methyl farnesoate*. * = these values were multiplied by 10 in 

order to better see results on peak area scale used. Error bars represent the standard error of the 

mean. Results from an ANOVA analysis to test for evidence of a difference between conditions for 

each compound are indicated using the following significance codes: * = 95% level; ** = 99% level; *** 

= 99.9% level. 

 

3.2.3.3 Extraction time, equilibration time and extraction temperature 

optimization 

A multivariate experimental design was used to test the three parameters of extraction 

time, equilibration time and temperature of adsorption. An experimental Box-Behnken 

144 design was created to evaluate which of the three factors (equilibration time, 

extraction time and temperature) affected SPME extraction. A first set of experiments 

was carried out (Table A3.3) using combinations of extraction times (30, 50 and 70 

mins), equilibration times (2, 7 and 12 mins), and temperatures (40, 50 and 60 °C). 

Results of this analysis showed an increase in sesquiterpene peak area with increased 

extraction time and temperatures (Figure 3.2.2). This was further confirmed using 

regression analysis, performed with Statistica 9.0 (StatSoft Inc., Tulsa, USA), with 
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significant, positive coefficients associated with extraction temperature and time (p 

value = 6.2 × 10−4 and 5.1 × 10−4 for temperature and extraction time, respectively), 

whereas there did not appear to be a significant equilibration time effect on the total 

sesquiterpene peak area.  

 

 

Figure 3.2.2. Response Surface of extraction time (min) vs extraction temperature (°C) of the first set 

of conditions trialled. 

 

As a result of this analysis, another experiment with the increased extraction times 

(i.e. 45, 65 and 85 mins, Table A3.4) was carried out. The temperature was not 

increased further due to the potential for the chemical composition of the juice to vary 

at higher temperatures, and the potential for chemical artefacts in 

sesquiterpenes.128,145  

Though some analytes continued to show an increasing signal with increased 

extraction time, the smaller increases at the higher extraction times did not justify an 

extraction time longer than 60–65 mins. The equilibration time had a non-linear effect 

on relative total sesquiterpene peak area as demonstrated in Figure 3.2.3, with an 

optimum equilibration time of 6–9 mins. An optimal combination of the 3 factors was 

chosen at 65 mins of extraction time, 60 °C temperature and 6 min equilibration time.  
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Figure 3.2.3. Desirability Response Surfaces of extraction time (min) vs extraction temperature (°C) 

vs equilibration time (min). 

 

Multivariate analysis was carried out (following the removal of an influential outlier; 

Cook’s distance = 0.82), using the value for the relative total chromatographic area for 

all the sesquiterpenes analysed as the dependent variable. In the initial regression 

model that explored only the linear effects of the three factors, the temperature and 

extraction time coefficients were found to be significant at the 95% level of confidence 

(p-values = 1.14 × 10−3 and 5.75 × 10−4, respectively), with the coefficients indicating 

that as temperature and extraction time increase, so does the total sesquiterpene 

chromatograph area. The R2 value for this model was high (R2 = 0.82), indicating that 

much of the variation seen in the total chromatographic area for the sesquiterpenes 

was captured by this model which can be represented by Eq. (1), where  
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βEq.time = equilibriation time, βExt.temp = extraction temperature and βExt.time = extraction 

time.  

Total relative sesquiterpene area = −0.0060βEq.time +0.0133βExt.Temp + 0.0067βExt.time − 

0.4501 (1) 

Including quadratic terms for each of the explanatory variables showed them to all be 

significant at the 95% level of confidence (p-values of 0.035, 0.031 and 0.037 for 

equilibration time, temperature and extraction time, respectively), producing a 

regression model with an R2 of 0.96, represented by Eq. (2), where βEq.time
2 = the 

square of the equilibriation time, βExt.temp
2 = the square of the extraction temperature, 

βExt.time
2 = the square of the extraction time, βEq.time = equilibriation time, βExt.temp = 

extraction temperature and βExt.time = extraction time.  

Total relative sesquiterpene area = −0.1173β2 Eq.time −0.0755βEq.time + 0.1213β2 Ext.Temp 

+ 0.3225βExt.Temp +0.1149β2 Ext.time + 0.3811βExt.time + 0.5996 (2)  

Additionally, models were explored to identify the significance of interaction effects – 

none of which were found to be significant. 

3.2.3.4 Influence of pH  

Due to the ketone functionality in some of the sesquiterpene structures, the possibility 

of keto-enol tautomerism in the acidic pH of the grape juice was taken into account, 

as was the possibility of epoxide opening in acidic conditions. A previous study has 

found the volatility of non-polar compounds to increase at pH 7 when compared to 

lower pH levels.146 For these reasons, extractions at pH 3, 5 and 7 were carried out, 

as well as at the natural pH of the juice used for method optimization (pH 3.5), using 

the PDMS fibre and the optimized extraction time and temperatures. Samples of grape 

juice were acidified to pH 3 using an H2SO4 solution, and basified to pH 5 and 7 using 

a NaOH solution. As suspected, (-)-aromadendrene ketone and (-)-caryophyllene 

oxide ketone peak areas increased at pH 7, likely due to a reduction of the enol form 

of acid catalysed keto-enol tautomerisation at higher pH. (-)-Caryophyllene ketone 

peak areas slightly decreased with increased pH. (+)-Aromadendrene, trans-farnesyl 

acetate, trans-methyl farnesoate and (-)-isoledene also increased significantly at pH 7 

when compared to more acidic pH levels (Figure 3.2.4). For trans-methyl farnesoate 

and trans-farnesyl acetate, this increase may be explained by a reduction in ester 
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hydrolysis at pH 7 compared to an acidic environment.147 Though no studies have 

been carried on the functionality of grape must esterase proteins at 60 °C (the 

temperature at which the extraction was carried out) studies on esterase proteins from 

other sources have reported the esterase remains functional (though not optimally) at 

such temperature.148,149 As for the (+)-aromadendrene and (-)-isoledene increases at 

pH 7, they may be subject to chemical or enzymatic rearrangement reactions 150 at pH 

3, which do not occur at pH 7. For these reasons, it was decided to buffer samples at 

pH 7. 

 

 

Figure 3.2.4. Absolute peak areas of sesquiterpenes at different pH. A= (+)-Aromadendrene, AK= (-)-

aromadendrene ketone, C = (-)-caryophyllene, CK= (-)-caryophyllene ketone, CO = (-)-caryophyllene 

oxide, COK= (-)-caryophyllene oxide ketone, F = trans-farnesol, FA= trans-farnesyl acetate, I = (-)-

isoledene, MF = trans-methyl farnesoate. Error bars represent the standard error of the mean. Results 

from an ANOVA analysis to test for evidence of a difference between conditions for each compound 

are indicated using the following significance codes: * = 95% level; ** = 99% level; *** = 99.9% level. 

 

3.2.3.5 Dilution and salt effects  

Due to the complexity of grape juice, the effects of the matrix dilution on the signal was 

investigated. Dilutions at 1:1, 1:2 and 1:10 parts juice to water were compared to no 
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dilution. It was found that dilution either had no significant effect, or an increase in 

dilution caused a decrease in signal strength. It was concluded that the natural matrix 

concentration did not hinder signal levels, and therefore no dilution was performed 

(Figure 3.2.5). 

 

 

Figure 3.2.5. Absolute peak areas of sesquiterpenes at different dilutions. A= (+)-Aromadendrene*, 

AK= (-)-aromadendrene ketone*, C = (-)-caryophyllene, CK= (-)-caryophyllene ketone, CO = (-)-

caryophyllene oxide, COK= (-)-caryophyllene oxide ketone*, F = trans-farnesol*, FA= trans-farnesyl 

acetate, I = (-)-isoledene*, MF = trans-methyl farnesoate. * = these values were multiplied by 10 in 

order to better see results on peak area scale used. Error bars represent the standard error of the 

mean. Results from an ANOVA analysis to test for evidence of a difference between conditions for 

each compound are indicated using the following significance codes: * = 95% level; ** = 99% level; *** 

= 99.9% level. 

 

The addition of salts to increase the ionic strength of the juice sample is widely used 

in HS-SPME methods so that volatiles are enriched within the headspace, leading to 

an increased potential for extraction.151 Experiments with 3.5 g (a saturated solution) 

and 1.5 g of NaCl per 10 mL of juice were performed, and compared to no salt addition. 

As expected,151 the samples with 3.5 g led to a higher signal for most of the 

sesquiterpenes (Figure 3.2.6). The only sesquiterpenes to have a significantly reduced 
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signal area with 3.5 g of salt were (-)-isoledene and (+)-aromadendrene. This may be 

due to the higher volatility of these compounds, leading to increased compound loss 

with higher salt levels. Based on overall results, samples were therefore optimized for 

sesquiterpene extraction by adding 3.5 g of NaCl to undiluted juice. 

 

 

Figure 3.2.6. Absolute peak areas of sesquiterpenes with different NaCl additions. A= (+)-

Aromadendrene*, AK= (-)-aromadendrene ketone*, C = (-)-caryophyllene, CK= (-)-caryophyllene 

ketone, CO = (-)-caryophyllene oxide, COK= (-)-caryophyllene oxide ketone*, F = trans-farnesol*, FA= 

trans-farnesyl acetate, I = (-)-isoledene, MF = trans-methyl farnesoate*. * = these values were 

multiplied by 10 in order to better see results on peak area scale used. Error bars represent the 

standard error of the mean. Results from an ANOVA analysis to test for evidence of a difference 

between conditions for each compound are indicated using the following significance codes: * = 95% 

level; ** = 99% level; *** = 99.9% level. 

 

3.2.3.6 Method validation  

Fourteen concentration levels (Table A3.5), (including the blank, and ensuring the 

range of sesquiterpene concentrations reported in wines was covered),138 were tested 

in duplicate to establish the linear range of the method. The concentration of the 

internal standards was kept constant (i.e. 5 μg/L for all standards except d2-(-)-
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caryophyllene oxide ketone at 50 μg/L). D2-(-)-Caryophyllene oxide ketone was used 

at a higher concentration due to its higher detection and quantification limits.  

The use of SIDA is a well-established method utilised in GCMS analysis to account 

for matrix effects. As both the internal standard and analyte being quantified are both 

subject to the same matrix effects,152,153 by relating the analyte peak area to internal 

standard peak area, any effects are cancelled.  

The LOD and LOQ were, for the most part, below the previously reported 

concentrations of sesquiterpenes, suggesting this method is sensitive enough and 

allows accurate quantification of sesquiterpenes at the low concentrations at which 

they are likely to occur. Reported concentrations of sesquiterpenes in wine and grape 

products range between 5 and 50 μg/L.67,138–140 Except for (-)-caryophyllene oxide 

ketone, all limits of quantification were below 2 μg/L, and linear ranges started below 

the LOQ and went to at least 30 μg/L (Table 3.2.1). 

 

Table 3.2.1. Repeatability, limits of detection, quantification and linearity of the method. Low 1.5 μg/L, 

high 30 μg/L. 

 

Repeatability 

LOD LOQ Linear range R2 Equation 

(RSD%) 

 Low High μg/L μg/L μg/L   

Isoledene 5.38 11.5 0.03 0.1 0.1–30 0.973 y = 23.0415x + 1.9931 

Aromadendrene 15.4 13.6 0.01 0.03 0.1–50 0.973 y = 7.3082x + 0.516 

Aromadendrene ketone 8.87 4.85 0.03 0.1 0.1–100 0.999 y = 0.7405x + 0.0110 

Caryophyllene ketone 17.6 5.1 0.3 1 0.1–50 0.997 y = 14.8674x + 0.9339 

Caryophyllene oxide ketone 10.3 5.52 1.5 5 1–500 0.999 y = 0.9203x + 0.0454 

Caryophyllene oxide 32.2 31.2 0.2 0.67 0.1–50 0.998 y = 203.5981x + 42.862 

Caryophyllene 36.3 24.4 0.3 1 0.1–70 0.996 y = 9.7617x + 0.3574 

Farnesyl acetate 21.8 9.6 0.2 0.67 0.1–30 0.984 y = 5.5910x + 0.0462 

Farnesol 15.3 4.93 0.5 1.7 1.0–50 0.998 y = 1.5915x + 0.6217 

Methyl farnesoate 13.25 10.2 0.03 0.1 0.1–100 0.997 y = 1.4811x + 0.0979 
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3.2.3.7 Grape musts analyses  

Three of the sesquiterpenes tested were found in the 17 samples analysed: (-)-

caryophyllene oxide, trans-farnesol and trans-farnesyl acetate (Figure 3.2.7). They 

were found in varying concentrations across the different grape varieties tested. Due 

to the small sample size, low concentration, and small number of sesquiterpenes 

identified, no statistical analyses were carried out. However, it did confirm the methods 

ability to identify sesquiterpenes in a real grape matrix. 

 

 

Figure 3.2.7. Concentrations (μg/L) of three detected sesquiterpenes; trans-farnesol (top left), (-)-

caryophyllene oxide (top right), trans-farnesyl acetate (bottom left), in the four varieties tested. 

Outliers have been excluded. 

 

Farnesol was found in all four grape varieties in concentrations between 4.2 and 6.4 

μg/L. This is lower than concentrations reported by previous farnesol quantifications 

which reported 18–50 μg/L.139,140 (-)-Caryophyllene oxide was also found in the four 

varieties with only a very small amount found in Chardonnay musts. trans-Farnesyl 

acetate was found in Merlot and Sauvignon Blanc in very low concentrations. trans-
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Methyl farnesoate was detected in small quantities in both duplicates of a single merlot 

must sample (no graph shown). 

This work reports a novel GC–MS/MS standard isotope dilution assay method for the 

concurrent analysis of ten sesquiterpenes in grape. Ten isotopically labelled internal 

standards were synthesized and utilised for the first time. Detection and quantification 

of several sesquiterpenes was successfully performed on real grape samples. This is 

the first method to incorporate standard isotope dilution assays into sesquiterpene 

quantification studies, greatly improving the accuracy of quantification of these low 

concentration compounds. Despite similar retention times due to analogous 

structures, the GC–MS/MS methodology enabled the successful differentiation of the 

ten sesquiterpenes. Low detection limits, crucial for useful analysis of these 

compounds, was achieved. The wider interest in sesquiterpenes across several 

scientific field makes this work a stepping stone for further quantitative studies of this 

class of molecules. 
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3.3 Quantification of sesquiterpenes in grapes from the Trentino/Alto- 

adige region via GC/MS-MS 

 

The method development decribed in Chapter 3.2 was applied to real world samples, 

to initiate the exploration of possible trends in the concentrations of sesquiterpenes 

across different varieties, longitudes, latitudes and vineyards. Chapter 3.3 describes 

the study of sesquiterpene levels in grape juices from 75 different grapes sampled 

from across the Trentino/ Alto Adige region of Italy during the 2015 harvest. 
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3.3.1 Introduction 

 

Sesquiterpenes are a large and structurally diverse group of natural products built of 

three isoprene units. Over 5000 sesquiterpenes have been isolated to date, from a 

wide variety of natural sources.3,6,115 The growing interest in sesquiterpenes stems 

from the flood of recent studies linking sesquiterpenoids to various medicinal 

properties, such as anti-inflammatory and anticarcinogenic activities.42,68,130 In plants, 

sesquiterpenes play an important role in signaling, defense, and growth 

regulation.57,104 

Several sesquiterpenes (90+) have been identified in wine and grape 

products.3,6,8,53,67,111,131,132 These compounds are of interest to the wine industry, as 

they may impact on the aroma of the wine. Limited studies have explored 

sesquiterpenes in grapes and wines. Several have elucidated sesquiterpene evolution 

during grape ripening,3,6,136,154 and have found sesquiterpenes to increase in overall 

concentration with berry ripening, though some specific sesquiterpene levels 

decrease, in particular acyclic sesquiterpenes. A recent study has linked 

sesquiterpenes to the bouquet of grapevine flowers, and suggests the possibility of 

their role in flower pollination.53  

A sesquiterpene ketone, rotundone, has been identified as the key compound 

imparting peppery aromas in both Australian and European wines.9,11,134 Other than 

studies on rotundone however, very little has been reported regarding sesquiterpenes 

in wine. 

Due to these potential benefits to the wine industry, learning more about these 

compounds, their role in wines as aroma, and understanding the relationship between 

viticultural practices and sesquiterpene levels, is an important area of research. The 

wine industry of the Trentino- Alto Adige/ South Tyrol region of Italy is economically 

and culturally important. Wine has been produced there since pre-Roman times, and 

the varied geography and microclimates have led to a large variety of grapes being 

grown.20 For these reasons, the region is good place to undertake quantification 

studies on the sesquiterpene class of compounds. 

Due to a lack of isotopically labelled internal standard, no accurate quantification 

studies have been undertaken.89 Sesquiterpenes are typically present at very low 
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concentrations in grape products and wine, ranging from trace amounts to 15 μg/L in 

the highest reported concentration,67,138 another factor which has hindered accurate 

quantification of sesquiterpenes. Using a GCMS/MS- SIDA method developed by 

Duhamel et al.155 as well as deuterated standards synthesized by Duhamel et al.141, 

this study reports the quantification of several sesquiterpenes on a wide variety of 

grape musts from the Trentino-Alto Adige/ South Tyrol regions. By accurately 

quantifying a range of sesquiterpenes from a range of grape varieties across different 

vineyards within a single wine growing region, we can begin to explore the relationship 

between sesquiterpenes and viticulture. 

 

3.3.2 Materials and methods 

 

3.3.2.1 Chemicals and materials  

Labelled (deuterium) and unlabelled standards were synthesized as described in 

Chapter 3.1. Type 1 quality pure water (18.2 MΩ cm) was produced from distilled water 

by an Arium Pro UV DI Ultrapure Water System (Sartorius, Göttingen, Germany).  A 

pH 7 buffer solution was made using Na2HPO4·12H2O and citric acid. Grape samples 

were collected from the 2015 harvest, from the Trentino - Alto Adige region of Italy 

(Figure 3.3.1). Grape berries (200) were collected at random and divided into three 

samples, and frozen until used for analysis. Samples from 75 different vineyards were 

collected, 15 Sauvignon blanc, 17 Pinot noir, 14 Pinot gris, 13 Merlot and 16 

Chardonnay samples were used. 
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Figure 3.3.1. Map of Trentino-Alto Adige region of Italy, showing where grape samples were obtained 

from. 

Yellow= Chardonnay, Blue = Sauvignon blanc, Black = Pinot noir, Grey = Pinot gris, Red = Merlot. 

 

3.3.2.2 Juice samples  

Frozen grape berries (50 g) were weighed and thawed for 10 min, then blended in a 

food processor for 60 seconds with 100 mL of EtOH. The resulting juice was 

centrifuged for 20 min at 4000 rpm. Supernatant (1 mL) was transferred to a 20 mL 

vial sealed with a PTFE-lined cap (Supelco, Bellefonte, PA, USA), along with 3.5 g of 

NaCl. Finally, the vial was spiked with 100 µL of the internal standard stock solution 

(Table 3.3.1). Each grape sample was prepared in triplicate. 
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Table 3.3.1. Internal standard stock solution concentrations. 

Internal Standard 
Concentrations (µg/L) 

Stock solution Sample 

[d2]-(-)-Isoledene 2500 25 

[d5]-(+)-Aromadendrene 500 5 

[d3]-(-)-Aromadendrene ketone 500 5 

[d2]-(-)-Caryophyllene ketone 1000 10 

[d2]-(-)-Caryophyllene oxide ketone 5000 50 

[d4]-(-)-Caryophyllene oxide 500 5 

[d4]-(-)-Caryophyllene 2000 20 

[d5]-trans-Farnesyl acetate 500 5 

[d2]-trans-Farnesol 500 5 

[d3]-trans-Methyl farnesoate 500 5 

 

 

3.3.2.3 HS-SPME extraction 

A polydimethylsiloxane 100 µm (PDMS-100) fiber was used, after conditioning as 

recommended by the manufacturer. Headspace SPME was performed with the 

following parameters: extraction temperature: 60 °C; incubation time: 6 min; extraction 

time: 65 min; agitation rate: 250 rpm. Desorption was performed in the injector at 250 

°C for 10 min.155 

3.3.2.4 Analysis conditions  

GC–MS/MS analysis was carried out on a Varian 450 gas chromatograph system 

coupled to a triple quadrupole mass spectrometer Varian 300 TQMS, equipped with a 

Combi PAL autosampler (Zwingen, Switzerland). Injections were done in splitless 

mode. Separation was performed on a VF-WAXms capillary column (30 m × 0.25 mm, 

0.25 µm film thicknesses, Agilent Technologies, Netherlands). The carrier gas was 

helium set at 1.2 mL/min. The oven temperature was programmed at 60 °C for 7 min 

then raised to 220 °C at 3 °C/min, and then held at 220 °C for 30 min. The mass 

spectrometer operated in electron ionization (EI) positive mode (70 eV) and acquisition 

was performed in Multiple Reaction Monitoring (MRM) mode. Argon was used as 

collision gas (1.6 mTorr). The transfer line and source temperature were set at 250 °C 

and 200 °C, respectively. Statistical analysis was carried out with R statistical software, 

using default packages and ggplot2. 
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3.3.3 Results and discussion 

 

As expected from previous literature reports,3,6,8,53,67,111,131,132 only very low 

concentrations of sesquiterpenes were detected in any of the samples analysed. 

Concentrations of sesquiterpenes ranged from not detected, to 10 µg/ L (trans-

farnesol in Pinot noir). Neither aromadendrene ketone nor caryophyllene oxide ketone 

were detected in most varieties, or only at very low levels in few samples. As some of 

the sesquiterpenes analysed had not previously been identified in a wide variety of 

grape or wine samples, nor is there much information regarding their concentration 

and distribution, it was not surprising that not all compounds were detected.  

Some were detected at higher concentrations (caryophyllene, caryophyllene oxide, 

farnesol) with several samples showing concentrations around 1 µg/L. Some 

sesquiterpenes were ubiquitous across all varieties, latitude and longitude groups 

(farnesyl acetate, caryophyllene).  

The effect of latitude and longitude of where the grapes were grown, along with the 

grape variety, using ANOVA was considered. The explanatory variable (amount of 

sesquiterpene) was log-transformed due to skewed distributions. Latitude and 

longitude of the locations where the grapes were grown were grouped into six distinct 

groups for latitude and six distinct groups for longitude, according to a set range for 

each grouping. The latitude ranges were defined as: 10°51'4.64"E to 10°58'59.95"E 

for group 1, 11° 1'12.95"E to 11° 4'8.09"E for group 2, 11° 5'6.77"E to 11° 6'59.70"E 

for group 3, 11° 07′ 00″E to 11° 8'59.35"E for group 4, 11° 9'6.13"E to 11°11'31.30"E 

for group 5, and 11°13'1.04"E to 11°29'36.93"E for group 6. The longitude ranges were 

defined as: 45°43'58.50"N to 45°55'37.11"N for group 1, 45°57'36.85"N to 46° 

6'38.25"N for group 2, 46° 7'11.66"N to 46°10'59.29"N for group 3, 46°11'8.51"N to 

46°11'54.31"N for group 4, 46°12'11.33"N to 46°14'50.90"N for group 5, and 

46°17'3.11"N to 46°41'26.59"N for group 6. The sesquiterpenes were analysed 

separately. 

Overall, differences across latitudes and longitudes were very slight, though some 

statistically significant differences were found. The lack of differences is likely due to 

the highly variable altitude of the sampled areas having more effect on grape 
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properties than the relatively small differences between latitude and longitude groups 

studied. The only clear difference observed was for methyl farnesoate, for which 

statistical evidence was found of higher levels in longitude group 6 (ie the higher 

longitudinal coordinates; easternmost positions) as compared to groups 2, 3, 4 and 5 

(Figure 3.3.2). Concentrations in group 6 were estimated to be 1.08-1.09 times higher 

than groups 2, 3, 4, and 5. 

 

Figure 3.3.2. Methyl farnesoate Tukey confidence intervals for the longitudinal groups, showing group 

6 to be different from groups 2, 3, 4, and 5, with 95% confidence. 

 

For certain sesquiterpenes (aromadendrene, caryophyllene, caryophyllene oxide, 

caryophyllene ketone, farnesol, methyl farnesoate), clear differences were seen in the 

concentrations found in different varieties.  Previous studies on sesquiterpene 

concentrations across different varieties have not shown clear differences,3,111 though 

one found Syrah to be higher in overall sesquiterpene concentrations amongst red 

wine varieties, with the predominant sesquiterpenes identified being nerolidol, α-

muurolene, germacrene and γ-gurjunene.138 Our results showed some variation in the 
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concentrations of the sesquiterpenes studied between varieties, but none of the 

varieties appeared to contain clearly more or less overall sesquiterpenes than the 

others. The following discussion will focus primarily on those sesquiterpenes for which 

notable differences were found.  

Merlot was higher in aromadendrene and farnesol, while Pinot noir was higher in 

farnesol and caryophyllene oxide, Pinot gris had higher levels of caryophyllene ketone 

and Chardonnay was higher in methyl farnesoate and caryophyllene. Sauvignon blanc 

had the lowest overall sesquiterpene concentrations. No distinction in sesquiterpene 

quantity or diversity was found between red (Merlot, Pinot noir) and white (Sauvignon 

blanc, Chardonnay, Pinot gris) wine grape varieties. Also, it was found that no variety 

contained higher overall concentrations of sesquiterpenes, nor were there clear 

differences in the diversity of sesquiterpenes found in each variety. A previous varietal 

study of sesquiterpenes in grapes saw a similar lack of varietal difference in 

sesquiterpene quantity and variety.3 

Aromadendrene was found in more samples and at higher levels in Merlot out of all 

the varieties (Figure 3.3.3). The ANOVA showed very strong evidence that the levels 

of aromadendrene are not the same for all grape varieties (p-value = 3.2 x 10-9) and 

latitudes (p-value = 3.6 x 10-4). It was found that, keeping all else constant, there is 

evidence that the median response of aromadendrene in Merlot is not the same as the 

median response of aromadendrene in Chardonnay (two sample t-test on log 

transformed response, two sided p-value = 0.017). There is very strong evidence that 

the median response of aromadendrene in Pinot gris, Pinot noir and Sauvignon blanc 

is not the same as the median response of aromadendrene in Merlot (two sample t-

test on log transformed response, two sided p-value = 2.11 x 10-5, 2.40 x 10-6, <1.00 x 

10-7, respectively). 
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Figure 3.3.3. Aromadendrene concentrations (µg/L) in the five grape varieties: CH = Chardonnay, ME 

= Merlot, PG = Pinot gris, PN = Pinot noir, SB = Sauvignon blanc. 

 

The amount of caryophyllene oxide found in Pinot noir was significantly higher than 

the levels found in other grape varieties (Figure 3.3.4). Very strong evidence was 

found against the null hypothesis that the levels of caryophyllene oxide are the same 

for all grape varieties (p-value = 1.2 x 10-13) and that the median response of 

caryophyllene oxide in Pinot noir is not the same as the median response of 

caryophyllene oxide in Chardonnay, Merlot, Pinot gris, and Pinot noir (two sample t-

test on log transformed response, two sided p-value = <1.00 x 10-7). With 95% 

confidence, the median level of caryophyllene oxide of Pinot noir is between at least 

1.16 and at most 1.53 times that of the other four varieties. 
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Figure 3.3.4. Caryophyllene oxide concentrations (µg/L) in the five grape varieties. CH = Chardonnay, 

ME = Merlot, PG = Pinot gris, PN = Pinot noir, SB = Sauvignon blanc. 

 

Pinot noir and Merlot both were found to have higher levels of farnesol, significantly 

more than both Chardonnay and Sauvignon blanc. The ANOVA showed there were 

significant differences in the levels of farnesol for the grape varieties (p-value = 1.9 x 

10-7). Farnesol levels in Merlot were estimated to be 1.59 times that in Sauvignon 

blanc, and 1.57 times that in Chardonnay. Farnesol levels in Pinot noir were estimated 

to be 1.52 times that in Chardonnay, and 1.54 times that in both Pinot gris and 

Sauvignon blanc.  

The ANOVA showed very strong evidence against the null hypothesis that the levels 

of caryophyllene ketone are the same for all grape varieties (p-value = 1.2 x 10-4). 

Sauvignon blanc and Pinot gris were both found to have small (estimated at 1.02 

times) but significantly higher levels of caryophyllene ketone than Pinot noir and 

Chardonnay (Figure 3.3.5).  
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Figure 3.3.5. Caryophyllene ketone Tukey confidence intervals of the varietal groups. Sauvignon 

blanc and Pinot gris are shown to contain higher concentrations of Caryophyllene ketone than Pinot 

noir and Chardonnay, with 95% confidence. CH = Chardonnay, ME = Merlot, PG = Pinot gris, PN = 

Pinot noir, SB = Sauvignon blanc.  

 

It was shown that there was very strong evidence that the levels of methyl farnesoate 

are not the same for all grape varieties (p-value = 3.6 x 10-7).  Methyl farnesoate was 

found in small but significantly higher levels in Chardonnay than the other four varieties 

(Figure 3.3.6). There is strong to very strong evidence that the median response of 

methyl farnesoate in Merlot, Sauvignon blanc, Pinot noir and Pinot gris is not the same 

as the median response of methyl farnesoate in Chardonnay (two sample t-test on log 

transformed response, two sided p-values between 2.72 x 10-3 and 3.30 x 10-6).  
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Figure 3.3.6. Methyl farnesoate Tukey confidence intervals for the varietal groups showing higher 

levels of Methyl farnesoate in Chardonnay than all four other varieties. CH = Chardonnay, ME = 

Merlot, PG = Pinot gris, PN = Pinot noir, SB = Sauvignon blanc. 

 

Very strong evidence against the null hypothesis that the levels of caryophyllene are 

the same for all grape varieties (p-value = 1.8 x 10-8) was found in the ANOVA. 

Caryophyllene levels were also significantly higher in Chardonnay compared to other 

varieties (Figure 3.3.7). It is estimated that the median for Pinot noir is 0.91 times the 

median of Chardonnay. With 95% confidence, the median level of caryophyllene of 

Pinot noir is between 1.01 and 1.61 times that of the other four varieties (Figure 3.3.8).  
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Figure 3.3.7. Caryophyllene concentrations (µg/L) in the five grape varieties: CH = Chardonnay, ME = 

Merlot, PG = Pinot gris, PN = Pinot noir, SB = Sauvignon blanc. 

 

Farnesyl acetate was unusual compared to the other sesquiterpenes tested, in that it 

was detected in all varieties, but at similar concentrations (Figure 3.3.9). 

Only very small amounts of caryophyllene oxide ketone and aromadendrene ketone 

were detected in only a small number of samples, and no evidence of significant 

differences in varieties, latitudes or longitudes was found. 

Of the five grape varieties studied, no single variety was found to be higher in overall 

sesquiterpene concentration. Some interesting differences were found in 

concentrations of particular sesquiterpenes between varieties. Notably, caryophyllene 

oxide was found almost exclusively, and at relatively high concentrations, in Pinot noir, 

and caryophyllene was found in higher concentrations in Chardonnay. Farnesol was 

found in the highest concentration of any sesquiterpene, though not consistently. 

Farnesyl acetate, though not found in the highest concentrations, was found in all 

samples. No particular variety contained higher overall concentrations of 

sesquiterpenes, or greater diversity of sesquiterpenes. No differences were seen 

between red and white wine varieties. Due to the small differences in latitudes and 

longitudes of the samples, it is not surprising that no trends were found between the 

latitude and longitude groups. 
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Figure 3.3.8. Caryophyllene Tukey confidence intervals for the varietal groups, showing higher levels 

of Caryophyllene in Chardonnay than all four other varieties. CH = Chardonnay, ME = Merlot, PG = 

Pinot gris, PN = Pinot noir, SB = Sauvignon blanc. 

Several of the sesquiterpenes analysed have characterised aromas. Caryophyllene is 

described as dry and woody, caryophyllene oxide also dry and woody, as well as 

spicy156. Farnesol has a floral, sweet aroma,157 while aromadendrene is described as 

woody158. All these descriptors could potentially be desired in wines, suggesting these 

compounds could contribute positively to wine aroma. No odor detection thresholds 

were found for these compounds however, so no conclusions can be drawn about 

whether the concentrations found in this study could potentially be detected in those 

wines. 
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Figure 3.3.9. Farnesyl acetate concentrations (µg/L) in the five grape varieties: CH = Chardonnay, 

ME = Merlot, PG = Pinot gris, PN = Pinot noir, SB = Sauvignon blanc. 
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3.4 Stereoselective synthesis of the spirocyclic ring system of 

spirolepechinene. 

 

Continuing with the study of sesquiterpenes, focus turned to synthetic chemistry, and 

the development of the novel structural characteristics of (-)-spirolepechinene, a 

sesquiterpene identified in several plants, including grapes. Chapter 3.4 describes the 

synthesis of a spirocyclic compound with the relative stereochemistry required for the 

natural product (-)-spirolepechinene.  

 

Experimental details of compounds prepared in this chapter can be found in Appendix 

4. 
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3.4.1 Introduction 

 

Sesquiterpenes are a structurally diverse41 class of compounds, with a skeleton made 

of three isoprene units. Sesquiterpenes have been isolated from a wide range of living 

organisms.42–49 They are thought be important signalling compounds in plants.3,42,54,55 

The wine industry has recently seen an increase in interest in sesquiterpenes, due to 

their identification in grapes and wine,3,6 with focus on their potential health benefits 68 

and possible organoleptic properties.6,53,60 An example is rotundone, which has been 

positively identified as an important wine impact compound,11 responsible for the 

peppery character in Syrah. 

 (-)-Spirolepechinene (Figure 3.4.1) is one of the three currently known compounds of 

the rare spirojatamane class of sesquiterpenes. It was first isolated and characterised 

by Eggers et al.71, from the medicinal plant Lepichinia bullata. It has since been 

tentatively identified in several other plant based sources, including grapevines.53,159–

161 Spirolepechinene has a unique relative stereochemistry about the spiro centre. The 

two other members of the spirojatamane class, (-)-erythrodiene and (+)-spirojatamol 

have epimeric relative configuration about their spiro centres compared to 

spirolepechinene (Figure 3.4.1). This change in stereochemistry renders the methods 

previously used in the total syntheses for the other two spirojatamane sesquiterpenes 

162–167 not applicable to the synthesis of spirolepechinene. 

 

Figure 3.4.1. The three known members of the spirojatamane class: (-)-Spirolepechinene, (+)-

spirojatamol, and (-)-erythrodiene, showing the epimeric spiro-stereochemistry of spirolepechinene. 
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Due to the difference in stereochemistry it was proposed to develop a method to 

prepare the configuration found in spirolepechinene. Outlined in this study is the 

synthesis of spirocyclic compounds having the same relative stereochemistry as 

spirolepechinene. 

 

3.4.2 Synthesis 

 

The first endeavour was to prepare a model compound containing the same relative 

stereochemistry at the spiro centre and neighbouring methyl group as 

spirolepechinene. This would use 2-acetylcyclohexanone 3.4.1, to ascertain the 

resulting stereochemistry of the proposed synthetic route (Figure 3.4.2). 

 

  

Figure 3.4.2. Retrosynthesis of model bicycle 3.4.2. 

 

The final compound 3.4.2 would be prepared in the final step by methylenation of the 

bicyclic ketone 3.4.3. One of the key parts of the synthesis would be exploring the 

stereoselective introduction of the methyl group in the cyclopentane ring in 3.4.3, 

which it was envisaged could come from the selective reduction of a methylene group 

formed from the ketone in bicycle 3.4.4. Ketone 3.4.4 would be prepared from the 

condensation of dicarbonyl compound 3.4.5 which itself can be prepared by the 
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oxidation of allylic compound 3.4.6. Compound 3.4.6 would be prepared by allylation 

and selective protection of commercially available 3.4.1. 

To begin, allylation of 2-acetylcyclohexanone 3.4.1 was achieved via a 

tetrakis(triphenylphosphine)palladium (0) catalysed addition of allyl acetate 168,169 to 

give 2-acetyl-2-allylcyclohexan-1-one 3.4.7 in 87% yield (Scheme 3.4.1). Use of NaH 

and allyl bromide 170,171 also gave good yields, though not as consistently as the 

palladium catalysed method. 

The following step required a selective ketal protection to ensure correct aldol 

cyclisation in subsequent steps. This was carried out in benzene, under reflux, using 

a Dean Stark apparatus, with ethylene glycol and a catalytic amount of p-toluene 

sulfonic acid,168,172 giving the mono-ketal 3.4.6 (Scheme 3.4.1). It was important to use 

benzene rather than toluene, as the lower temperature reduced the production of a 

deacetylated product 3.4.8, which is formed via a retro-Claisen cleavage.173 Heating 

at 90 °C for 20 hours gave the best ratio of desired product 3.4.6 (80% yield) to 

deacetylated product 3.4.8 (6% yield) and starting material 3.4.7 (10% yield). 

Next, in order to convert the alkene in 3.4.6 to an aldehyde, firstly osmium tetroxide 

dihydroxylation followed by sodium periodate cleavage was attempted, as reported by 

Hayashi et al.168, giving aldehyde 3.4.5 in 60% yield at best. Osmium tetroxide 

dihydroxylation with in situ periodate cleavage was also attempted,174 with a similar 

yield of aldehyde obtained. Ozonolysis was then attempted, forming the aldehyde 

3.4.5 (Scheme 3.4.1) in higher yields and more reliably than either osmium tetroxide 

method. Ozonolysis also pleasingly gave higher yields (up to 90%) when the reaction 

was performed at larger scale. 
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Scheme 3.4.1. Synthesis of keto-aldehyde 3.4.5.(a) Allyl acetate (2 eq.), K2CO3 (2 eq.) 

tetrakis(triphenylphosphine)palladium (0) (0.01 eq.), THF, rt, 18h, 87% (b) Ethylene glycol (2.2 eq.), p-

toluene sulfonic acid (0.001 eq.), benzene, Dean-Stark reflux, 17h, 80% (c) Ethylene glycol (2.2 eq.), 

p-toluene sulfonic acid (0.001 eq.), toluene, Dean-Stark reflux, 16h, 33% (d) ozone (2 eq.), NaHCO3 

(0.01 eq.), PPh3 workup, DCM, methanol, -78 °C, 90% 

 

Intramolecular aldol cyclisation of keto aldehyde 3.4.5 was achieved by overnight 

stirring of 3.4.5 in a 1:1 mixture of methanol and aqueous 1M KOH and gave the 

cyclised pentenone 3.4.9 in 75% yield (Scheme 3.4.2). Next, in an attempt to reduce 

the overall number of steps, the conversion of cyclopentenone 3.4.9 into a methylene 

cyclopentene 3.4.10 was attempted, as it was considered that both the alkenes could 

then be reduced concurrently to give cyclopentane 3.4.12. However, numerous 

attempts at Wittig and Horner - Wadsworth-Emmons reactions on 3.4.9 using various 

bases failed to give any of the desired diene product. Therefore, the reduction of the 

endocyclic alkene was carried out first. This was achieved by hydrogenation of 3.4.9, 

using palladium on carbon under a hydrogen atmosphere, and gave high yields (91%) 

of the desired cyclopentanone 3.4.4. The consequent Wittig reaction, using t-BuOK at 

reflux, also gave good yields (80%) of the desired methylene cyclopentane 3.4.11 

(Scheme 3.4.2). 
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Scheme 3.4.2. Synthesis of bicycle 3.4.11. (a). Methanol: 1M KOH (1:1 ratio), rt, 22h, 75% (b) H2, 

Pd/C 10% w/w (0.1 eq.), EtOH, 2h, 91% (c) Ph3PCH3Br (1.3 eq.), t-BuOK (1.3 eq.), toluene, reflux, 

21h, no product. (d) Ph3PCH3Br (1.3 eq.), t-BuOK (1.3 eq.), toluene, reflux, 21h, 80%. 

 

Next, the key step in forming the required stereochemistry was performed by way of 

reducing the methylene group in 3.4.11 to a methyl group, via a second hydrogenation. 

It was discovered that the ketal protecting group was removed during the 

hydrogenation, giving a mixture of protected acetal 3.4.12 and deprotected ketone 

3.4.3. Therefore, this mixture was stirred briefly in aqueous 1M HCl/acetone to remove 

any remaining ketal protecting group giving solely ketone 3.4.3 (Scheme 3.4.3). 

Finally, ketone 3.4.3 was converted to an alkene, using a Wittig reaction, to give the 

volatile bicyclic hydrocarbon 3.4.2 in 85% yield in a 23:1 ratio of two diastereomers, 

as determined by 1H NMR (Scheme 3.4.3).  

 

 

Scheme 3.4.3. Synthesis of bicyclic compound 3.4.2. (a) H2, Pd/C 10% w/w (0.1 eq.), EtOH, 18h. 

(b) Acetone:2M HCl (1:1 ratio), rt, 5 mins, 65% over steps a and b. (c) Ph3PCH3Br (1.3 eq.), t-BuOK 

(1.3 eq.), toluene, reflux, 25h, 85%. 

 

The reduction of the methylene group in compound 3.4.11 was the key stereoselective 

step of this model synthesis. During this step the relative configuration between C-1 
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and C-5 is created. To match the reported stereochemistry of spirolepechinene the 

desired stereochemistry would have C-10 and the C-1 methyl to be syn. Analysis of 

the 2D-NMR (NOESY, HSQC, etc) of ketone 3.4.3 were not conclusive for the 

determination of stereochemistry, with overlapping signals not allowing complete 

analysis. However, alkene 3.4.2 had sufficiently differentiated signals which allowed 

successful analysis. It was immediately clear that two diastereomers had formed due 

to two sets of signals for H-12 in a 23:1 ratio. This large ratio allowed definitive analysis 

of the major diastereomer formed. In particular the additional protons on the terminal 

alkene showed distinguishing correlations to other protons in the NOESY experiments 

(Figure 3.4.3). 

 

Figure 3.4.3. NOE correlations observed on model spiro compound 3.4.2. Red arrows denote the 

NOE correlations used to confirm stereochemistry. 

 

The resulting stereochemistry was confirmed using a range of NMR experiments. The 

observed NOE correlations used to confirm the stereochemistry were H-11 to H-10, 

H-9, H-12; H-4 to H-10 and H-9, and H-12 to H-1 and H-4, as highlighted in red in 

Figure 3.4.3. These matched the important NOE correlations reported for (-)-

spirolepechinene.71 



81 
 

Interestingly the H-12a proton correlated with both H-1 and the protons of the C-11 

methyl group which was unexpected, though this matched the literature report 71 of 

spirolepechinene correlations. However, when 3D models of 3.4.2 were analysed it 

could be seen that ring flip in the cyclohexane ring leads to two conformers, one with 

close proximity between H-12a and H-1 (2A), and in the other 2B H-12a is close to the 

methyl group (Figure 3.4.4). However, the correlation between H-11 and H-10 

confirms the stereochemistry of the methyl group, as no H-1 to H-10 correlation is 

observed.  

 

Figure 3.4.4. Conformers 2A and 2B. Arrows denote key NOE correlations 

 

When the two conformers were minimised using the CHEM3D software package 

(basic set) the relative energies were 23.87 kcal/mol (2A) and 24.57 kcal/mol (2B), 

which are similar, therefore indicating both conformers can interconvert in solution. 

The NMR of model compound 3.4.2 was then compared with that reported in literature 

for spirolepechinene,71 and strong similarities were noted. In particular the proton 

shifts corresponding to all positions on the cyclopentane ring (ie protons 1-4 and the 

methyl group 11) as well as protons at positions 7 and 12 on the cyclohexane ring, 

were all highly similar to those reported in spirolepechinene (Table 3.4.1). The protons 

and carbons at C-8, 9 and 10 were most different due to the lack of substituent at C-9 

in the model compound. 

Although literature NMR experiments were run in deuterated benzene, and in this 

study NMR experiments were obtained in deuterated chloroform, values of the stated 

protons were all within 0.09 ppm. Carbon shifts of carbons 1-7, 11 and 12 were also 

within 1.7 ppm of literature reports. This data is highly indicative that the relative 
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stereochemistry of 3.4.2 is the same as found in spirolepechinene. It is assumed that 

the minor diastereomer of 3.4.2 formed using these methods was the C-10, C1-Me 

anti-isomer, however its small contribution to the mixture did not allow for its 

stereochemistry to be conclusively determined. 

 

Table 3.4.1. Comparison of NMR signals of model compound 3.4.2 and natural product 71 

 
ppm 

Proton 3.4.2 (-) Spirolepechinene 

1 2.16 2.12 

2 1.25, 1.84 1.25, 1.80 

3 1.44, 1.57 1.45, 1.54 

4 1.25, 1.84 1.29, 1.93 

7 

8 

9 

10 

2.16 

1.37, 1.64 

1.57 

1.31 

2.15, 2.19 

1.18, 1.74 

2.19 

1.05, 1.34 

11 0.89 0.84 

12 4.54, 4.63 4.49, 4.58 

Carbon 
  

1 38.9 39.7 

2 32.3 32.7 

3 20.9 21.5 

4 35.7 37.2 

5 50.5 50.2 

6 155.5 154.3 

7 

8 

9 

10 

35.1 

28.8 

23.0 

31.3 

35.5 

33.8 

41.5 

35.6 

11 14.8 14.6 

12 104.4 105.0 

 

As the relative stereochemistry on the model compound 3.4.2 was as found in the 

natural product, the total synthesis of spirolepechinene was then attempted using a 

modified version of that used for 3.4.2 (Figure 3.4.2). The key modifications were 

introduction of the substituent at C-4 on the cyclohexanone starting material 3.4.13 

(Scheme 3.4.4) the acetylation of starting cyclohexanone 3.4.17a and 3.4.18c, and 

the stereoselectivity of the diketone 3.4.19a/b allylation (Scheme 3.4.5).  
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Scheme 3.4.4. Ketal protection, ester reduction and alcohol protection of para-substituted 

cyclohexanone 3.4.13 (a) Ethylene glycol (1.2 eq.), p-TSA (0.1 eq.), toluene, Dean Stark reflux, 20h, 

97%. (b) MeMgBr (4 eq.), THF, rt, 3h, 72% (c) 1M HCl, rt, 1h, 100%. 

 

It was decided that substituted cyclohexanone 3.4.13 could be used as a starting 

material, to attain the propylene substituent of spirolepechinene (Scheme 3.4.4). 

Beginning with a ketal protection of ketone 3.4.13, which gave ester 3.4.14 in 97% 

yield, which was reacted with four equivalents of methyl magnesium bromide, gave 

the tertiary alcohol 3.4.15a in 72% yield. Attempts to protect the tertiary alcohol of 

3.4.15a (Table 3.4.2) were largely unsuccessful, giving primarily returned starting 

material. It was discovered that protections undertaken at reflux caused ketal 

deprotection of 3.4.15a, and the use of silyl triflates resulted in α-addition of the silane 

(Figure 3.4.5), rather than alcohol protection. Protection of the tertiary alcohol was also 

attempted on the ketone 3.4.17a, prepared quantitatively via ketal deprotection of 

3.4.15a, however these were also unsuccessful. Only MOM protection of 3.4.15a or 

3.4.17a was successful, but the products 3.4.16a and 3.4.18a were obtained in poor 

yields, and the MOM group was removed in the subsequent acetylation steps, so 

proved useless. As the alcohol group appeared too hindered for reaction, the synthesis 
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was continued using the unprotected alcohol 3.4.17a, with the aim of eliminating the 

alcohol in the final stages of synthesis to form the desired isopropylene group.  

 

 

Figure 3.4.5. Silane addition at α position during tertiary alcohol protection attempts. 

 

Due to the difficulties with protection of tertiary alcohol 3.4.15a, another option was 

explored, and ester 3.4.14 was reduced with lithium aluminium hydride to give the 

primary alcohol 3.4.15b in 99% yield (Scheme 3.4.5). The primary alcohol 3.4.15b was 

subsequently protected with a variety of protecting groups (Table 3.4.3) with the 

intention of converting this protected primary alcohol to the isopropylene group at a 

later stage. 

 

 

Scheme 3.4.5. Ester reduction and alcohol protection of para-substituted cyclohexanone 3.4.14. (a) 

LiAlH4 (2.2 eq.), THF, 30 mins, 99%. (b) 1M HCl, rt, 1h, 100%. 
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It was understood that this method would add several steps to the synthesis, for the 

final conversion of the primary alcohol to the isopropylene group, but the protection of 

3.4.15b and 3.4.17b worked well, and it was anticipated that the bulky silane protecting 

groups added would help direct stereoselectivity at the allylation step. It was 

discovered however that the triethyl silane and tert-butyldimethyl silane group in 

3.4.16b, 3.4.16c and 3.4.18b were labile during the following ketal deprotection and 

acetylation reactions. Therefore, the larger, more stable, tert-butyldiphenyl silane in 

3.4.16d and 3.4.18c was the preferred protecting group. Though TBDPS protection 

was successful on both the ketal 3.4.15b and ketone 3.4.17b (Scheme 3.4.6), 

purification of the ketal from excess TBDPS proved difficult, while the crystalline 

ketone product 3.4.18c was easily purified via recrystallisation. 
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Table 3.4.2. Conditions attempted for tertiary alcohol protection. 

Starting material Protecting group Base Conditions Result 

 MOMCl DIPEA rt, 22h175 5%, SM also recovered 

ʺ MOMCl DIPEA rt, 4 days SM recovered 

ʺ MOMCl NaH rt, 21h SM recovered 

ʺ MOMCl NaH reflux 2h - rt176 9% α MOM addition, SM also recovered 

ʺ Dimethoxymethane LiBr, p-TSA rt, 4 days177 3.4.18a, 11%, SM also recovered 

ʺ TBDMSCl Imidazole rt, 24h SM recovered 

ʺ TBSOTf Lutidine rt, 18h 2% α TBS addition, SM also recovered 

 TBDMSCl Imidazole 70°, 6h , SM also recovered 

ʺ TBSOTf Lutidine rt, 18h 3% α TBS addition, SM also recovered 

ʺ TBSCl NaH rt, 20h SM recovered 

ʺ MOMCl LiBr, p-TSA rt 20h, reflux 22h 3.4.17a 50%, 10% 

ʺ TBSCl n-BuLi rt, 21h SM recovered 

ʺ TBSOTf NaH rt, 48h SM recovered 

ʺ TBSOTf n-BuLi rt, 48h SM recovered 

ʺ TESCl NaH rt, 4d SM recovered 

ʺ MOMCl NaH rt, 21h 3.4.16a 15%, SM also recovered 

ʺ TESCl n-BuLi reflux 18h 3.4.17a 17%, SM also recovered 
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Table 3.4.3. Primary alcohol protection groups and conditions. 

Starting material Protecting group Base Conditions Result 

 TESCl Imidazole rt, 3h  68% 

ʺ TBSCl Imidazole rt, 4h  42%, SM also recovered 

ʺ TBSOTf Lutidine rt, 3h 3.4.16c 89% 

ʺ TBDPSCl Imidazole rt, 22h 

 50% with TBDPS 

contamination 

 TBSCl Imidazole rt, 22h SM recovered 

ʺ TESCl Imidazole rt, 22h SM recovered 

ʺ TBSCl Imidazole, cat DMF rt, 6h178  76% 

ʺ TBSOTf Lutidine rt, 21h Complex mixture of products 

ʺ TBDPSCl Imidazole, cat DMF rt, 22h  99% 
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The acetylation of ketones 3.4.17a and 3.4.18c was carried out successfully using an 

achiral method using NaH and ethyl acetate, giving moderate yields of the diketones 

3.4.19a and 3.4.19b (Scheme 3.4.6). Due to the wide range of literature reporting 

similar successful enantioselective, desymmetrising acylations,179–182 this step was 

also attempted using an amide base (Table 3.4.4), which could later be adapted to a 

chiral base, however yields of enols 3.4.19c and 3.4.19d were low at best (2-4%).  

 

 

Scheme 3.4.6. Acetylation and stereoselective allylation. (a) NaH (2 eq.), EtOAc (2 eq.), toluene, 

40°, 3h. 3.4.19a 60%, 3.4.19b 82% (b) Allyl acetate (2 eq.), K2CO3 (2 eq.) 

tetrakis(triphenylphosphine)palladium (0) (0.01 eq.), THF, rt, 18h, 3.4.20a 88% from 3.4.19a, 3.4.20b 

56% from 3.4.19b. 

 

The subsequent allylation was carried out on diketones 3.4.19a and 3.4.19b using the 

method determined for the model, giving the allylated compounds (±)-3.4.20a and (±)-

3.4.20b in 88% and 56% yield, respectively.  
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Table 3.4.4. Acetylation of 3.4.17a and 3.4.18c 

Starting material 
Acetyl group 

donor/Enolate trap 
Base Result 

 

TMSCl LDA SM recovered 

3.4.17b TESCl LDA SM recovered 

 

TESCl LDA SM recovered 

3.4.17a EtOAc NaH 

, 60% 

 

TESCl LDA 

2%, SM recovered 

 

TESCl LDA 

4%, SM recovered 

3.4.18c Morpholine182 N/A SM recovered 

3.4.18c Pyrrolidine182 N/A SM recovered 

3.4.18c Acetyl chloride183 LDA SM recovered 

3.4.18c Acetyl imidazole168 LDA SM recovered 

3.4.18b Acetyl imidazole LDA TBS deprotection, SM recovered 

3.4.18c TESCl LiHMDS SM recovered 

3.4.18b TESCl LiHMDS SM recovered 

3.4.18c TBSCl LiHMDS SM recovered 

3.4.18c 

EtOAc NaH 

, 82% 
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Use of sodium hydride as a base, which was successfully used on the model, was 

found to cause deacetylative allylation of substituted cyclohexanones 3.4.19a and 

3.4.19b, giving only (±)-3.4.20c and (±)-3.4.20d (Figure 3.4.6), respectively.183  

 

 

Figure 3.4.6. Products of deacetylative allylation 

 

 

Figure 3.4.7. Key NOESY correlation on (±)-3.4.20a and (±)-3.4.20b confirming stereoselective 

allylation. 
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With the allyl group successfully added, the first task was to determine if the relative 

stereochemistry between the allyl group and C-4 substituent matched that needed to 

prepare the natural product. The palladium catalysed method was found to be 

stereoselective on the substituted cyclohexanones 3.4.19a and 3.4.19b, giving the 

desired axial allylation, as reported by Bates et al. 169. This was confirmed by a 

correlation between H-4 and H-9 (Figure 3.4.7) in the NOESY NMR, while no 

correlation was observed between H-8 and H-4. 

After determining the stereochemistry of 3.4.20a/20b, the next step was selective ketal 

protection of the cyclic ketone in each compound. Using the same method as on model 

compound 3.4.7, the selective ketal protection of diketone (±)-3.4.20b was found to be 

successful giving (±)-3.4.21 in 99% yield (Scheme 3.4.7). However selective ketal 

protection was unsuccessful on (±)-3.4.20a, leading only to recovery of starting 

material. Forming the aldehyde from the alkene in (±)-3.4.21 was problematic 

however, with several methods being attempted (Table 3.4.5), with predominantly 

lactol (±)-3.4.22 formation or degradation being observed. NaIO4 cleavage was 

attempted on the lactol (±)-3.4.22, but only starting material was recovered.  

 

 

Scheme 3.4.7. Attempted synthesis of bicycle (±)-3.4.24. (a) Ethylene glycol (2.2 eq.), p-toluene 

sulfonic acid (0.001 eq.), benzene, Dean-Stark reflux, 22h, 99%. 
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The one-pot oxidation and cleavage reaction outlined in Table 3.4.5 was found to give 

the aldehyde (±)-3.4.23, however in low yield.  The small amount of aldehyde (±)-

3.4.23 which was successfully isolated was subjected to the aldol condensation 

conditions used on the model compound 3.4.5 (1 M KOH), but this caused rapid 

degradation and a complex mixture of products was formed. It was speculated that 

perhaps the basic conditions caused loss of TBDPS, leading to formation of unwanted 

lactols. 

Table 3.4.5. Attempts at formation of aldehyde (±)-3.4.23 

Starting material Reagents Conditions Result 

 OsO4, NaIO4 THF:water, 3h168 Complex mixture of products 

21 OsO4 rt, 4 days 62% 

    

21 OsO4, NaIO4, lutidine Dioxane:water, 3h174  <10% 

21 Ozone PPh3 workup Complex mixture of products 

 NaIO4 rt, 21h SM recovered 

 

A novel method for preparing spiro compounds with stereochemistry appropriate for 

the synthesis of spirolepechinene has been developed. Synthesis of a model 

spirocycle was carried out giving compound 3.4.2 with the same relative 
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stereochemistry at C-1 and C-5 as spirolepechinene, with high yielding reactions. This 

route was then applied to several substituted starting materials to attempt synthesis of 

spirolepechinene itself. Two key steps require further exploration in order to synthesise 

an enantiopure spirolepechinene: a chiral acetylation, and a different substitution at 

the C-9 position, one which allows for effective ozonolysis and aldol condensation. 
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Chapter 4 - Conclusion 
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This body of work has contributed several important advances in the study of wine 

aroma compounds. The first important steps have been taken in exploring sulfonic 

acids as thiol precursors, via the development of a simple efficient synthesis of 

individual compounds to be used in subsequent fermentation experiments, as well as 

preliminary kinetics studies of the reaction between hex-2-enal and sulfite. Also, 

several steps towards a deeper understanding of sesquiterpenes have been achieved, 

namely the development of methods for deuterating sesquiterpene to make standards, 

and then using these compounds to develop a new standard isotope dilution gas 

chromatography analysis method. Finally, they were tentatively applied to a localised 

survey of sesquiterpenes in grapes. Additionally, a total synthesis of the complex 

sesquiterpene spirolepechinene was attempted where methods were developed to 

prepare the bicyclic spiro compounds with the correct relative stereochemistry. 

The work on sesquiterpene deuteration methods allowed for the creation of several 

novel sesquiterpene standards (Figure 4.1). Methylene deuteration using a labelled 

Wittig reaction, α-deuterium exchange, addition of labelled acetate or methyl groups, 

and reduction with a deuterium labelled reducing agent were all successfully used. 

These methods could potentially be applied to several other unstudied sesquiterpenes 

with analogous functionality.  

These standards allowed for accurate quantification of these generally low 

concentration compounds, through the development of a standard isotope dilution 

assay gas chromatography mass spectrometry method. This is the first method 

developed allowing for such accurate quantification of these compounds. Despite 

similar fragmentation patterns, the method was able to discern between 

sesquiterpenes based on their differing retention times, and by choosing unique 

fragments where necessary. Ten sesquiterpenes were incorporated into a 

simultaneous method, with the method being successfully tested on a range of grape 

juice samples from the Trentino Alto Adige region in Italy. With some modifications, 

this method could now be applied to matrices other than grape juice. Other 

sesquiterpenes could relatively easily be incorporated, with obtainment of the 

corresponding internal standard. 
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Figure 4.1. Deuterated sesquiterpene standards synthesised. 
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The method was then applied to a larger number of samples, in a first attempt at 

exploring sesquiterpene levels across different grape varieties, latitudes and 

longitudes. All the samples were from the Trentino-Alto Adige region of northern Italy 

(Figure 4.3) and therefore rather similar in latitude and longitude. In this case, no 

trends across these changing variables was noted. The samples covered five different 

wine varieties, namely Chardonnay, Pinot gris, Pinot noir, Sauvignon blanc and Merlot. 

Some small differences in levels of particular sesquiterpenes were observed, with no 

variety being found to have overall higher concentrations of sesquiterpenes. This first 

attempt at accurately exploring sesquiterpene concentrations showed the method was 

applicable, and opens the field to further, more extensive studies. Larger studies of 

grape samples from more varied locations, and tracking more variables, will likely 

elucidate some trends of various sesquiterpene levels in grape samples. 

 

 

Figure 4.3. Map of Trentino-Alto Adige region of Italy, showing where grape samples were obtained 

from. 

Yellow= Chardonnay, Blue = Sauvignon blanc, Black = Pinot noir, Grey = Pinot gris, Red = Merlot. 

 



98 
 

In addition, the first synthesis of the unique stereochemistry about the spiro centre of 

spirolepechinene was carried out. Spirolepechinene is the only sesquiterpene with the 

reported relative stereochemistry about the spiro centre, with the other two members 

of its structural class, (+)-spirojatamol and (-)-erythrodiene, having epimeric relative 

stereochemistry. The relative stereochemistry was introduced via a sterically directed 

methylene hydrogenation, forming the desired stereochemistry in large excess (Figure 

4.4). Progress was also made in the total synthesis of spirolepechinene itself; with a 

method for the formation of the correct spiro stereochemistry being achieved, the total 

synthesis of spirolepechinene is now much more accessible. 

 

 

Figure 4.4. Directed hydrogenation of methylene group, forming relative stereochemistry. 

 

Previous syntheses reported for the sulfonic acids 2.1-4 (Figure 4.5) were improved 

upon to give a reliable and efficient method of synthesis. Several problems with 

purification of these highly polar compounds were overcome. The resulting pure 

samples were of use for exploration as putative thiol precursors in wine. The 

techniques developed for working with these small organic sulfonic acids could be 

applied to other compounds containing this functional group. Currently, it remains to 

be seen whether the sulfonic acids prepared are linked to thiol production in wine, as 

further microbiology studies are required. 
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Figure 4.5. Sulfonic acids 2.1-4 synthesised. 

 

A cursory study of the kinetics involved in the reaction between hex-2-enal and the 

bisulfite ion (Scheme 4.1) was also undertaken. Several conditions were attempted to 

isolate the sulfonic aldehyde 2.4 of interest, but due to the suspected fast reaction rate 

from the aldehyde 2.4 to disulfonic acid 2.3, detectable concentrations of aldehyde 2.4 

were not successfully accrued in the reaction mixture. Further exploration of 

conditions, or other analytical techniques may elucidate the reaction kinetics further. 

 

 

Scheme 4.1. Reaction mechanism between hex-2-enal and sulfite. 
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Appendix 1 - Experimental procedures for Chapter 2.1 

 

General Information: 

All non-aqueous reactions were carried out under a dry nitrogen atmosphere unless 

otherwise stated. All other commercial reagents were used without further purification 

unless otherwise stated.  

Flash chromatography was carried out using silica gel 60 (40-63 µm, 230-430 mesh 

ASTM) with the solvents specified. Thin layer chromatography (TLC) was performed 

using Merck silica gel 60 F254 aluminium plates pre-coated with silica. A solvent mix of 

2:1 hexanes; ethyl acetate was used unless otherwise stated. Compounds were 

identified using ultraviolet fluorescence and staining with either vanillin in ethanolic 

sulfuric acid (followed by heating), or iodine on silica. 

All melting points were measured using a Reicher-Kofler block and are uncorrected. 

High resolution mass spectra were recorded using a VG-70SE spectrometer at a 

nominal resolution of 5000. Electron impact ionization (EI+), or electro spray ionization 

(ESI+) were used to record mass spectra. Infrared spectra were recorded using a 

Perkin-Elmer Spectrum 1000 series Fourier Transform IR spectrometer as a thin film 

between sodium chloride plates or neat. Absorption maxima are expressed in wave 

numbers (cm-1). 

NMR spectra were recorded on a Bruker DRX400 (at 400 MHz for 1H nuclei and at 

100 MHz for 13C nuclei). All chemical shifts (δ) are reported in parts per million (ppm) 

relative to tetramethylsilane (TMS, 0.0 ppm) or deuterated chloroform (7.26 ppm) as 

an internal reference. All samples were run in deuterated chloroform, unless otherwise 

specified. 1H NMR data is reported in the following order: chemical shift, relative 

integral, multiplicity (s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of 

doublet of doublets; dt, doublet of triplets; t, triplet; q, quartet; m, multiplet), coupling 

constant(s), J values are given in hertz (Hz). 
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2-Methyl-4-oxopentane-2-sulfonic acid 2.1 

 

Synthesis and data for 2-methyl-4-oxopentane-2-sulfonic acid 2.1: To a stirred solution 

of mesityl oxide (1 mL, 8.74 mmol) in methanol (15 mL) was added triethylamine (3.7 

mL, 26.2 mmol) and sodium bisulfite (40% w/v aqueous solution, 6.8 mL, 26.2 mmol), 

and the mixture left to stir for 24 h. The resulting mixture was then filtered and filtered 

through a plug of Amberlyst-15 to give acid 2.1 (0.98 g, 62%) as a brown oil.  

δH (400 MHz, D2O) 1.43 (6H, s, C(CH3)2), 2.30 (3H, s, 1-CH3), 2.91 (2H, s, 3-CH2);  

δC (100 MHz, CDCl3) 22.4 (C(CH3)2), 32.7 (C-1), 49.0 (C-3), 58.4 (C-4), 214.0 (C-2). 

The 1H and 13C-NMR data were in agreement with literature values.35 
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(E)-Ethyl hex-2-enoate 2.6 

 

Synthesis and data for (E)-ethyl hex-2-enoate 2.6: To a stirred solution of butanal 

(0.213 g, 2.95mmol) in CH2Cl2 (15mL) under an atmosphere of nitrogen was added 

(carbethoxymethylene)triphenylphosphorane (1.24 g, 3.50mmol) and the resulting 

mixture stirred for 47 h. The solvent was removed in vacuo, without application of heat, 

and pentane (30 mL) added to the residue then stirred for 30 min. The resulting mixture 

was filtered, the solvent removed in vacuo, without application of heat, and the crude 

product was purified using flash chromatography (95:5 pentane: diethyl ether) to give 

the ester 2.5 (0.30 g, 72%) as a pale yellow oil.  

δH (400 MHz, CDCl3) 0.93 (3H, t, J = 7.5 Hz, 6-CH3), 1.28 (3H, t, J = 7.0 Hz, 8-CH3), 

1.44-1.53 (2H, m, 5-CH2), 2.14-2.20 (2H, m, 4-CH2), 4.18 (2H, q, J = 7.0 Hz, 7-CH2), 

5.81 (1H, dt, J = 1.5, 15.9 Hz, 2-H), 6.96 (1H, dt, J = 7.1, 15.2 Hz, 3-H);  

δC (100 MHz, CDCl3) 13.8 (C-6), 14.4 (C-8), 21.4 (C-5), 34.3 (C-4), 60.2 (C-7), 121.5 

(C-2), 149.3 (C-3), 166.9 (C-1).  

The 1H data was in agreement with literature values.184 
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3-Sulfohexanoic acid bis triethylamine salt 2.7, 1-Ethoxy-1-oxohexane-3-

sulfonic acid 2.8 

 

Synthesis and data for 3-sulfohexanoic acid bis triethylamine salt 2.7 and 1-ethoxy-1-

oxohexane-3-sulfonic acid 2.8: To ester 2.6 (1.97 g, 14.86 mmol) in 9:1 

water:methanol (100 mL), sodium bisulfite (40% w/v aqueous solution, 4.33 mL, 16.64 

mmol) and triethylamine (2.31 mL, 16.64 mmol) were added. The resulting mixture 

was heated at reflux for 18 h. The solvent was removed in vacuo, and the crude 

product was purified using flash chromatography (10:90:1 to 20:80:1, methanol: 

dichloromethane: acetic acid) to give acid 2.7 in 31% yield as a yellow gum.  

IR: νmax/cm-1 2987, 2704, 1716, 1565, 1389, 1228, 1148;  

HRMS (ESI-) found (MH-) 195.0333 C6H11O5S, required 195.0332;  

δH (400 MHz; D2O) 0.94 (3H, t, J = 7.4 Hz, 6-CH3), 1.30 (18H, t, J = 7.3 Hz, 

(N(CH2CH3)3)2) 1.39-1.61 (3H, m, 5-CH2, 4-Ha), 1.83-1.92 (1H, m, 4-Hb), 2.56 (1H, dd, 

J = 6.9, 16.1 Hz, 2-Ha), 2.81 (1H, dd, J = 6.4, 16.1 Hz, 2-Hb), 3.22 (12H, q, J = 7.5 Hz, 

(N(CH2CH3)3)2), 3.26-3.33 (1H, m, 3-H);  

δC (100 MHz; D2O) 8.8 ((N(CH2CH3)3)2), 13.8 (C-6), 20.2 (C-5), 32.7 (C-4), 36.7 (C-2), 

47.3 ((N(CH2CH3)3)2), 57.6 (C-3), 178.2 (C-1).  

In a second fraction was obtained ester 2.8 (1.20 g, 25%) as a yellow oil.  

IR: νmax/cm-1 2964, 2708, 1723, 1468, 1375, 1224;  

HRMS (ESI-) Found (M-) 223.0652 C8H15O5S, required 223.0646; 

δH (400 MHz; D2O) 0.95 (3H, t, J = 7.3 Hz, 6-CH3), 1.28-1.32 (12H, m, OCH2CH3, 

N(CH2CH3)3), 1.38-1.46 (1H, m, 4-Ha), 1.48-1.59 (2H, m, 5-CH2), 1.88-1.89 (1H, m, 4-

Hb), 2.65-2.81 (2H, m, 2-CH2), 3.23 (6H, q, J = 7.2 Hz, N(CH2CH3)3), 3.31-3.36 (1H, 

m, 3-H), 4.20 (2H, q, J = 7.2 Hz, OCH2CH3);  
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δC (100 MHz; D2O) 8.2 (N(CH2CH3)3), 13.1 (C-6 and OCH2CH3), 19.5 (C-5), 31.8 (C-

4), 35.4 (C-2), 46.7 (N(CH2CH3)3), 56.8 (C-3), 62.1 (OCH2CH3), 177.0 (C-1).  
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1-Hydroxyhexane-3-sulfonic acid 2.2 

 

Synthesis and data for 1-hydroxyhexane-3-sulfonic acid 2.2: To a solution of ester 2.8 

(0.27 g, 1.20 mmol) in tetrahydrofuran (10 mL) was added lithium aluminium hydride 

(0.14 g, 3.60 mmol) and the mixture heated at reflux for 23 h, before being cooled to 

room temperature. Water (10 mL) was added dropwise and the resulting mixture 

stirred for 15 min, and the resulting mixture passed through a silica plug using 

MeOH:AcOH (99:1), then the solvent removed in vacuo. The crude product was 

purified using flash chromatography (99:1 methanol: acetic acid) to give alcohol 2.2 

(0.17g, 80%) as a colourless solid.  

MP = 135-141 °C;  

IR: νmax/cm-1 3637, 3415, 2957, 2871, 1711, 1658, 1638, 1434, 1361, 1162, 1037, 931, 

877;  

HRMS (ESI-) Found (M-): 181.0548 C6H13O4S requires 181.0540; 

δH (400 MHz; D2O) 0.95 (3H, t, J = 7.4 Hz, 6-CH3), 1.41-1.64 (3H, m, 4-CHa, 5-CH2), 

1.80-1.90 (2H, m, 4-CHb, 2-CHa), 2.05-2.14 (1H, m, 2-CHb), 2.74-2.81 (1H, m, 3-CH), 

3.72-3.83 (2H, m, 1-CH2);  

δC (100 MHz; D2O) 13.3 (C-6), 16.5 (C-5), 31.9 (C-2), 32.1 (C-4), 56.9 (C-3), 59.5 (C-

1).  

 

  



106 
 

1-Hydroxyhexane-1,3-disulfonic acid 2.3 

 

Synthesis and data for 1-hydroxyhexane-1,3-disulfonic acid 2.3: (E)-Hex-2-enal (1 mL, 

8.62 mmol) was to a solution of sodium bisulfite (40% w/v aqueous solution, 4.71 g, 

18.1 mmol), triethylamine (0.126 mL, 1.72 mmol) in methanol (3 mL), and the resulting 

mixture stirred for 12 h under an atmosphere of nitrogen. The solvent was removed in 

vacuo, and the crude product was purified using flash chromatography (99:1 methanol: 

acetic acid) to give the disulfonic acid 2.3 (2.00 g, 88%) as a white solid.  

MP = >230°C; 

IR: νmax/cm-1  3433, 2968, 2874, 1636, 1459, 1184, 1165;  

HRMS (ESI-) Found (MNa-): 282.9937 C6H12NaO7S2 requires 282.9928;  

δH (400 MHz; D2O)  0.96 (3H, t, J = 7.6 Hz, 6-CH3), 1.50-1.62 (2H, m, 5-CH2), 1.64-

1.73 (1H, m, 4-Ha), 1.84-1.93 (1H, m, 4-Hb), 2.15-2.21 (1H, ddd, J = 3.5, 9.6, 14.1 Hz, 

2-Ha), 2.27-2.34 (1H, ddd, J = 3.5, 11.1, 14.6 Hz, 2-Hb), 3.04-3.11 (1H, m, 3-H), 4.56-

4.59 (1H, m, 1-H);  

δC (100 MHz; D2O) 13.1 (C-6*), 13.4 (C-6), 19.3 (C-5*),  19.8 (C-5), 31.3 (C-2), 32.0 

(C-2*), 32.1 (C-4), 32.7 (C-4*), 56.0 (C-3*), 56.2 (C-3), 81.3 (C-1), 82.1 (C-1*). * 

denotes the minor diastereomers different in relative stereochemistry at C-1 and C-3.  
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1-Oxohexane-3-sulfonic acid 2.4 

 

Synthesis and data for 1-oxohexane-3-sulfonic acid 2.4: To a solution of disulfonic 

acid 2.3 (0.110 g, 0.42mmol) in 1:1 methanol:water (10 mL) was added sodium 

bicarbonate (0.52 g, 6.13 mmol). The resulting mixture was stirred at room 

temperature for 28 h, filtered through celite and the solvent removed in vacuo. 

Methanol (15 mL) was added to the residue and stirred for 2 h, the organic fraction 

was decanted, and the solvent removed in vacuo to give aldehyde 2.4 (0.011 g, 29 %) 

as a white solid.  

MP = >230°C; 

IR: νmax/cm-1 3398, 2339, 2255, 1733, 1653, 1025, 1005; 

HRMS (ESI-) Found (M-): 179.0379 C6H11O4S requires 179.0384;  

δH (400 MHz; D2O) 0.93 (3H, td, J = 2.0, 7.0 Hz, 6-CH3), 1.42-1.57 (4H, m, 4-CH2, 5-

CH2), 1.70-1.79 (1H, m, 2-Ha), 2.08-2.22 (1H, m, 2-Hb), 2.80-2.91 (1H, m, 3-H), 9.74 

(1H, s, 1-H);  

δC (100 MHz; D2O) 14.1 (C-6), 20.5 (C-5), 32.9 (C-4), 36.1 (C-2), 57.6 (C-3), 214.7 

(C-1). 

Synthesis of 1-oxohexane-3-sulfonic acid 2.4 using PS-BEMP: To a solution of 

disulfonic acid 2.3 (0.125 g, 0.47 mmol) in deionised water (5 mL) was added 2-tert-

butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine on 

polystyrene (0.709 g, 1.42 mmol, 2-2.5 mmol/g) and the mixture stirred at room 

temperature under nitrogen for 22 h. The resin was collected by filtration and then 

aldhyde extracted from the resin by washing with 2M HCl. Removal the solvent in 

vacuo gave aldehyde 2.4 (0.085 g, 90%). 
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Appendix 2 - Experimental procedures for Chapter 3.1  

 

General Information: 

All non-aqueous reactions were carried out under a dry nitrogen atmosphere unless 

otherwise stated. All other commercial reagents were used without further purification 

unless otherwise stated.  

Flash chromatography was carried out using silica gel 60 (40-63 µm, 230-430 mesh 

ASTM) with the solvents specified. Thin layer chromatography (TLC) was performed 

using Merck silica gel 60 F254 aluminium plates pre-coated with silica. A solvent mix of 

2:1 hexanes; ethyl acetate was used unless otherwise stated. Compounds were 

identified using ultraviolet fluorescence and staining with either vanillin in ethanolic 

sulfuric acid (followed by heating), or iodine on silica. 

All melting points were measured using a Reicher-Kofler block and are uncorrected. 

High resolution mass spectra were recorded using a VG-70SE spectrometer at a 

nominal resolution of 5000. Electron impact ionization (EI+), or electro spray ionization 

(ESI+) were used to record mass spectra. Infrared spectra were recorded using a 

Perkin-Elmer Spectrum 1000 series Fourier Transform IR spectrometer as a thin film 

between sodium chloride plates or neat. Absorption maxima are expressed in wave 

numbers (cm-1). 

NMR spectra were recorded on a Bruker DRX400 (at 400 MHz for 1H nuclei and at 

100 MHz for 13C nuclei). All chemical shifts (δ) are reported in parts per million (ppm) 

relative to tetramethylsilane (TMS, 0.0 ppm) or deuterated chloroform (7.26 ppm) as 

an internal reference. All samples were run in deuterated chloroform, unless otherwise 

specified. 1H NMR data is reported in the following order: chemical shift, relative 

integral, multiplicity (s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of 

doublet of doublets; dt, doublet of triplets; t, triplet; q, quartet; m, multiplet), coupling 

constant(s), J values are given in hertz (Hz). 

Optical rotations were determined on the sodium D line (λ = 589 nm, 1 dm cell) with a 

Perkin-Elmer 341 Polarimeter at specified temperature. Absolute values were 

calculated according to: [α]D = (100 x a)/(c x l), where a = observed absorbance, c = 

concentration in g/100 mL and l = path length in dm. 
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Experimental Procedures and Characterisation Data of Products: 

Farnesal 

 

To a stirred mixture of (E,E)-farnesol 3.1.1 (0.50 g, 2.25 mmol) in non-dried DCM (50 

mL) under nitrogen was added Dess-Martin periodinane (1.43 g, 3.40 mmol), and the 

resulting mixture stirred for 2 h 50 min. Saturated aqueous sodium bicarbonate 

solution (20 mL) was added dropwise, the mixture stirred 10 min, then extracted with 

DCM (3 x 25 mL). The organic layer was dried (MgSO4), and the solvent was removed 

in vacuo. The crude product was purified using flash chromatography (19:1 hexanes: 

ethyl acetate) to give the title product (0.495 g, 99%) as a clear colourless oil.  

δH (400 MHz; CDCl3) 1.58 – 1.63 (6H, m, 12-CH3, 15-CH3), 1.68 (3H, d, J = 1.4 Hz, 

14-CH3), 2.17 (3H, d, J = 1.3 Hz, 13-CH3), 1.95-2.27 (8H, m, 4-CH2, 5-CH2, 8-CH2, 9-

CH2,), 5.04-5.12 (2H, m, 6-H, 10-H), 5.89 (1H, dd, J = 1.3, 8.1 Hz, 2-H), 10.00 (1H, d, 

J = 8.0 Hz, 1-H). 

The 1H NMR spectra was in agreement with literature values.185 
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Farnesoic acid 3.1.2 

 

Farnesal (0.147 g, 0.67 mmol) was added to tert-butanol (16 mL) and 2-methyl-2-

butene (4 mL). A solution of sodium chlorite (0.543 g, 6.00 mmol) and anhydrous 

sodium dihydrogen phosphate (0.555 g, 4.70 mmol) in water (7 mL) was added 

dropwise over 5 min, and the resulting mixture stirred at room temperature for 42 h. 

The volatiles were removed in vacuo, and water (10 mL) added to the residue. The 

solution was acidified to pH 3 with 2M HCl, and extracted with hexanes (3 x 10 mL), 

then diethyl ether (10 mL). The combined organic extracts were dried (sodium sulfate), 

and the solvent was removed in vacuo. The crude product was purified using flash 

chromatography (9:1 hexanes: ethyl acetate) to give the title product 3.1.2 (0.147 g, 

93%) as a clear colourless oil. 

δH (400 MHz; CDCl3) 1.59 – 1.61 (6H, m, 12-CH3, 15-CH3), 1.68 (3H, d, J = 1.4 Hz, 

14-CH3), 1.95-2.21 (8H, m, 4-CH2, 5-CH2, 8-CH2, 9-CH2), 2.18 (3H, d, J = 1.4 Hz, 13-

CH3), 5.08 (2H, m,  6-H, 10-H), 5.70 (1H, d, J = 1.2 Hz, 2-H), 11.16 (1H, broad, 1-OH); 

δC (100 MHz, CDCl3) δ: 16.2 (C-14), 17.8 (C-15), 19.3 (C-13), 25.8 (C-9), 26.1 (C-5), 

26.8 (C-12), 39.8 (C-4), 41.4 (C-8), 115.2 (C-2), 122.9 (C-10), 124.3 (C-6), 131.6 (C-

11), 136.5 (C-7), 163.2 (C-3), 171.8 (C-1). 

The 1H and 13C NMR spectra were in agreement with literature values.186  
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Methyl farnesoate 

 

To a solution of farnesoic acid 3.1.2 (0.013 g, 0.13 mmol) in DCM (1.5 mL), under 

nitrogen, was added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.252 g, 1.3 

mmol), 4-dimethylaminopyridine (0.256 g, 2.1 mmol) and methanol (0.265 mL, 6.6 

mmol). The resulting mixture was stirred 43 h at room temperature. Saturated aqueous 

ammonium chloride was added (5 mL), and extracted with DCM (3 x 10 mL). The 

combined organic extracts were washed with 1M HCl (5 mL), then 1M sodium 

hydroxide (5 mL). The organic layer was dried (Na2SO4), and the solvent was removed 

in vacuo. The crude product was purified using flash chromatography (19:1 hexanes: 

ethyl acetate) to give the title product (0.32 g, 97%) as a clear colourless oil. 

δH (400 MHz; CDCl3) 1.60 (6H, s, 12-CH3, 15-CH3), 1.68 (3H, s, 14-CH3), 1.94-2.10 

(4H, m, 8-CH2, 4-CH2), 2.14-2.20 (7H, m, 5-CH2, 9-CH2, 13-CH3), 3.68 (3H, s, 16-

CH3), 5.03-5.18 (2H, m, 10-H, 6-H), 5.67 (1H, s, 2-H); 

δC (100 MHz, CDCl3) δ: 16.2 (C-14), 17.8 (C-15), 19.0 (C-13), 25.8 (C-5), 26.1 (C-9), 

26.8 (C-12), 39.8 (C-4), 41.1 (C-8), 50.9 (C-16), 115.4 (C-2), 123.00 (C-10), 124.4 (C-

6), 131.5 (C-11), 136.3 (C-7), 160.3 (C-3), 167.4 (C-1). 

The 1H and 13C NMR spectra were in agreement with literature values.187 
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[D3]-Methyl farnesoate 3.1.5 

 

The same procedure as above using farnesoic acid 3.1.2 (0.246 g, 1.04 mmol) and 

replacing methanol with [D3]-methanol, to give the title product 3.1.5 (0.167 g, 63%) 

as a clear colourless oil. 

HRMS (ESI+) Calculated for C16H23D3NaO2 [M-Na]+, 276.2013. Found, 276.2011;  

δH (400 MHz; CDCl3) 1.60 (6H, s, 12-CH3, 15-CH3), 1.68 (3H, s, 14-CH3), 1.93-2.11 

(4H, m, 8-CH2, 4-CH2), 2.13-2.20 (7H, m, 5-CH2, 9-CH2, 13-CH3), 5.04-5.12 (2H, m, 

10-H, 6-H), 5.67 (1H, s, 2-H); 

δC (100 MHz, CDCl3) δ: 16.2 (C-14), 17.8 (C-15), 19.0 (C-13), 25.9 (C-5), 26.1 (C-9), 

26.81 (C-12), 39.8 (C-4), 41.1 (C-8), 49.9 (br., C-16), 115.3 (C-2), 123.0 (C-10), 124. 

5 (C-6), 131.4 (C-11), 136.6 (C-7), 160.2 (C-3), 167.5 (C-1). 

The 1H and 13C NMR spectra were in agreement with literature values.187  
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[D2]- Farnesol 3.1.3 

 

To a slurry of lithium aluminium deuteroxide (0.08 g, 1.9 mmol) in diethyl ether (5 mL), 

under nitrogen at 0°C, was added a solution of farnesoic acid 3.1.2 (0.224 g, 0.95 

mmol) in diethyl ether (1 mL) dropwise. The resulting mixture was warmed to room 

temperature and left to stir for 1 h. Wet diethyl ether (5 mL) was added slowly, and 

stirred for 10 mins. Saturated aqueous ammonium chloride (5 mL) was added, and 

extracted with diethyl ether (3 x 10 mL). The combined organic extracts were dried 

(Na2SO4), and the solvent was removed in vacuo. The crude product was purified 

using flash chromatography (9:1 hexanes: ethyl acetate) to give the title product 3.1.3 

(0.20 g, 94%) as a clear colourless oil. 

HRMS (ESI+) Calculated for C15H24D2NaO [M-Na]+, 247.2001. Found, 247.1994; 

δH (400 MHz; CDCl3) 1.60 (6H, s, 12-CH3, 15-CH3), 1.68 (6H, s, 13-CH3, 14-CH3), 

1.95-2.15 (8H, m, 4-CH2, 5-CH2, 8-CH2, 9-CH2), 5.07-5.13 (2H, m, 6-H, 10-H), 5.41 (1H, 

s, 2-H); 

δC (100 MHz, CDCl3) δ: 16.2 (C-13), 16.4 (C-14), 17.8 (C-15), 25.8 (C-5), 26.5 (C-9), 

26.9 (C-12), 39.7 (C-8), 39.8 (C-4), 66.0 (C-1), 123.3 (C-2), 123.9 (C-10), 124.5 (C-6), 

131.5 (C-11), 135.5 (C-3), 140.1 (C-7). 
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Farnesyl acetate 

 

Farnesol 3.1.1 (0.200 g, 0.90 mmol), pyridine (0.087 mL, 1.08 mmol), acetyl chloride 

(0.077 mL, 1.08 mmol) in DCM (5 mL) were stirred at room temperature under N2 for 

23 h. The resulting mixture was washed with saturated aqueous NaHCO3 (10 mL), 

then H2O (10 mL) and the combined aqueous extracts re-extracted with diethyl ether 

(3 x 15 mL). The combined organic extracts were dried (sodium sulfate), and the 

solvent removed in vacuo.  The crude product was purified using flash 

chromatography (4:1 hexanes: ethyl acetate) to give the title product (0.208 g, 98%) 

as a clear colourless oil. 

HRMS (ESI+) Calculated for C17H28NaO2 [M-Na]+ 287.1982. Found, 287.1990; 

δH (400 MHz; CDCl3) 1.60 (6H, s, 12-CH3, 15-CH3), 1.68 (3H, s, 14-CH3), 1.71 (3H, s, 

13-CH3), 1.95-2.15 (8H, m, 4-CH2, 5-CH2, 8-CH2, 9-CH2), 2.05 (3H, s, 17-CH3), 4.59 

(2H, d, J= 7.3 Hz, 1-CH2), 5.07-5.12 (2H, m, 6-H, 10-H), 5.33-5.34 (1H, s, 2-H); 

δC (100 MHz, CDCl3) δ: 16.1 (C-13), 16.6 (C-14), 17.8 (C-15), 21.2 (C-17), 25.8 (C-5), 

26.3 (C-9), 26.9 (C-12), 39.7 (C-8), 39.8 (C-4), 61.5 (C-1), 118.4 (C-2), 123.7 (C-10), 

124.4 (C-6), 131.4 (C-11), 135.6 (C-3), 142.4 (C-7), 171.2 (C-16). 

The 1H and 13C NMR spectra were in agreement with literature values.188 
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[D3]-Farnesyl acetate 

 

The same procedure as above was used, with acetyl chloride being replaced with [D3]-

acetyl chloride. The crude product was purified using flash chromatography (19:1 

hexanes: ethyl acetate) to give the title product (0.209 g, 87%) as a clear colourless 

oil. 

HRMS (ESI+) Calculated for C17H25D3NaO2 [M-Na]+, 290.2170. Found, 290.2175; 

δH (400 MHz; CDCl3) 1.60 (6H, s, 12-CH3, 15-CH3), 1.68 (3H, s, 14-CH3), 1.71 (3H, s, 

13-CH3), 1.95-2.15 (8H, m, 4-CH2, 5-CH2, 8-CH2, 9-CH2), 4.59 (2H, d, J= 7.1 Hz, 1-

CH2), 5.06-5.12 (2H, m, 6-H, 10-H), 5.32-5.37 (1H, t, J = 7.5 Hz, 2-H); 

δC (100 MHz, CDCl3) δ: 16.2 (C-13), 16.6 (C-14), 17.8 (C-15), 21.1(br., C-17), 25.8 

(C-5), 26.3 (C-9), 26.9 (C-12), 39.7 (C-8), 39.9 (C-4), 61.5 (C-1), 118.4 (C-2), 123.7 

(C-10), 124.4 (C-6), 131.7 (C-11), 135.7 (C-3), 142.4 (C-7), 171.2 (C-16). 
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[D5]-Farnesyl acetate 3.1.4 

 

The same procedure as above was used, with acetyl chloride being replaced with [D3]-

acetyl chloride and farnesol 3.1.1 being replaced with [D2]-farnesol 3.1.3. The crude 

product was purified using flash chromatography (14:1 hexanes: ethyl acetate) to give 

the title product 3.1.4 (0.133 g, 55%) as a clear colourless oil. 

IR: νmax/cm-1 2969, 2923, 1734, 1448, 1383, 1268; 

HRMS (ESI+) Calculated for C17H23D5NaO2 [M-Na]+, 292.2295. Found, 292.2291; 

δH (400 MHz; CDCl3) 1.60 (6H, s, 12-CH3, 15-CH3), 1.68 (3H, s, 14-CH3), 1.71 (3H, s, 

13-CH3), 1.95-2.15 (8H, m, 4-CH2, 5-CH2, 8-CH2, 9-CH2), 2.05 (3H, s, 17-CH3), 5.06-

5.12 (2H, m, 6-H, 10-H), 5.34 (1H, s, 2-H); 

δC (100 MHz, CDCl3) δ: 16.0 (C-13), 16.4 (C-14), 17.6 (C-15), 25.7 (C-5), 26.2 (C-9), 

26.7 (C-12), 39.5 (C-8), 39.7 (C-4), 60.9 (br., C-1), 118.3 (C-2), 123.7 (C-10), 124.4 

(C-6), 131.1 (C-11), 135.5 (C-3), 142.3 (C-7), 171.2 (C-16). 
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Kobusone 3.1.10 

 

To a solution of (-)-caryophyllene oxide 3.1.9 (1.00 g, 4.54 mmol) in 1:1 tert-

butanol:water (40 mL) was added N-methylmorpholine-N-oxide (1.60 g, 13.6 mmol) 

followed by osmium tetroxide (0.462 mL, 0.045 mmol, 2.5%w in tert-butanol). The 

resulting mixture was stirred at room temperature for 70 h. Saturated aqueous sodium 

sulfite solution (40 mL) was added, and stirred for 1 h. The mixture was extracted with 

ethyl acetate (3 x 30 mL), and the combined organic extracts washed with 1M 

potassium hydroxide (40 mL). The organic layer was dried (sodium sulfate) and the 

solvent was removed in vacuo. The crude product was purified using flash 

chromatography (3:1 to 1:3 hexanes: ethyl acetate) to give caryophyllene oxide diol 

(0.941 g, 82%) which was used immediately without further purification. 

To a stirred solution of the diol (0.90 g, 3.54 mmol) prepared above, in methanol (30 

mL) and water (10 mL) under nitrogen, was added sodium metaperiodate (0.908 g, 

4.25 mmol). The resulting mixture was stirred at room temperature for 260 min. 

Saturated aqueous sodium chloride (20 mL) was added, and the resulting mixture 

extracted with ethyl acetate (3 x 30 mL). The combined organic extracts were dried 

(sodium sulfate) and the solvent was removed in vacuo, and the crude product was 

purified using flash chromatography (3:1 hexanes: ethyl acetate) to give the title 

product 3.1.10 (0.452 g, 57%) as a white solid. 

MP = 50-52 °C; [lit.125: 61-62 °C]; 

[α]20
D -135.00 (c 1.00, CHCl3) [lit.189: -132.00 (c 1.00)]; 

δH (400 MHz; CDCl3) 0.93 (1H, td, J = 3.4, 10.6 Hz, 3-Ha), 1.02 (6H, s, 12-CH3, 13-

CH3), 1.29 (3H, s, 14-CH3), 1.38-1.46 (1H, m, 6-Ha), 1.46-1.54 (1H, m, 2-Ha), 1.60-

1.66 (2H, m, 2-Hb, 10-Ha), 1.90-1.94 (1H, m, 1-H), 2.03-2.07 (1H, m, 10-Hb), 2.13 (1H, 

dt, J = 2.6, 7.9 Hz, 3-Hb), 2.33-2.42 (1H, m, 6-Hb), 2.49-2.58 (2H, m, 7-CH2), 2.67 (1H, 

dd, J = 3.9, 8.0 Hz, 5-H), 3.01-3.06 (1H, m, 9-H); 
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δC (100 MHz, CDCl3) δ: 16.3 (C-14), 22.3 (C-12), 24.9 (C-6), 26.6 (C-2), 29.5 (C-13), 

34.6 (C-11), 35.4 (C-10), 37.8 (C-7), 39.1 (C-3), 51.5 (C-1), 52.7 (C-9), 59.1 (C-4), 

61.8 (C-5), 214.3 (C-8). 

The 1H and 13C-NMR spectra were in agreement with literature values.189  
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[D2]-Kobusone 3.1.10a 

 

A mixture of kobusone 3.1.10 (0.546, 2.46 mmol) in dioxane (11 mL), deuterium oxide 

(2.5 mL), and NaOD (30 wt. % in D2O, 0.47 mL) was heated at reflux for 43 h then 

cooled to room temperature and extracted with pentane (3 x 20 mL). The combined 

organic extracts were dried (sodium sulfate) and the solvent was removed in vacuo. 

The crude product was purified using flash chromatography (9:1 hexanes: ethyl 

acetate) to give the title product 3.1.10a (0.318 g, 58%) as a white solid. 

MP = 54-64°C; 

[α]20
D -139.00 (c 1.18, CHCl3); 

HRMS (ESI+) Calculated for C14H20D2NaO2 [M-Na]+, 247.1638. Found, 247.1635; 

δH (400 MHz; CDCl3) 0.95 (1H, td, J = 3.7, 13.4 Hz, 3-Ha), 1.02 (6H, s, 12-CH3, 13-

CH3), 1.31 (3H, s, 14-CH3), 1.43 (1H, dd, J = 10.2, 11.8 Hz, 6-Ha), 1.47-1.59 (1H, m, 

2-Ha), 1.62-1.69 (2H, m, 2-Hb, 10-Ha), 1.90-1.97 (1H, t, J = 10.2 Hz,  1-H), 2.07 (1H, t, 

J = 10.6 Hz, 10-Hb), 2.16 (1H, dt, J = 3.6, 13.0 Hz, 3-Hb), 2.39 (1H, dd, J = 4.7, 13.5 

Hz, 6-Hb), 2.69 (1H, dd, J = 5.0, 10.2 Hz, 5-H), 3.02-3.08 (1H, m, 9-H); 

δC (100 MHz, CDCl3) δ: 16.2 (C-14), 22.3 (C-12), 24.5 (C-6), 26.4 (C-2), 29.3 (C-13), 

34.5 (C-11), 35.2 (C-10), 37.1 (br., C-7), 39.1 (C-3), 51.3 (C-1), 52.4 (C-9), 58.9 (C-4), 

61.5 (C-5), 214.2 (C-8). 

The 1H and 13C NMR spectra were in agreement with literature values.190 
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(-)-Caryophyllene oxide 3.1.9 

 

To a solution of methyltriphenylphosphonium bromide (0.643 g, 1.8 mmol) in THF (1.0 

mL), under nitrogen at -78 °C, was added n-BuLi (0.97 mL, 1.4 mmol, 1.4M in THF) 

dropwise. The resulting mixture was stirred at 0 °C for 10 min, then cooled to -78 °C 

before adding a solution of kobusone 3.1.10 (0.200 g, 0.90 mmol) in THF (1 mL) 

dropwise. The mixture was warmed to room temperature and stirred for a further 24 

h. Water (3 mL) was slowly added, and the resulting mixture extracted with diethyl 

ether (25 mL). The organic extract was washed with 2M HCl (5 mL), then 4M NaOH 

(5 mL). The combined basic aqueous washes were further extracted with diethyl ether 

(3 x 20 mL). The combined organic extracts were dried (sodium sulfate) and the 

solvent was removed in vacuo. The crude product was purified using flash 

chromatography (9:1 hexanes: ethyl acetate) to give the title product 3.1.9 (0.146 g, 

74%) as a white solid. 

MP = 58-62°C; [lit.191: 62 °C]; 

[α]23
D - 67.05 (c 2.00, CHCl3). [lit.192: - 68.00 (c 5.00); 

δH (400 MHz; CDCl3) 0.92-0.99 (1H, m, 2-Hb), 0.99 (3H, s, 13-CH3), 1.01 (3H, s, 12-

CH3), 1.20 (3H, s, 14-CH3), 1.27-1.49 (2H, m, 3-Hb, 2-Ha), 1.58-1.80 (4H, m, 10-Hb, 6-

CH2, 3-Ha), 2.06-2.15 (2H, m, 1-H, 7-Hb), 2.25 (1H, ddd, J = 3.7, 8.2, 16.5 Hz, 10-Ha), 

2.34 (1H, ddd, J = 3.6, 8.0, 12.9 Hz, 7-Ha), 2.57 – 2.66 (1H, m, 9-H), 2.88 (1H, dd, J = 

4.2, 10.7 Hz, 5-H), 4.86 (1H, d, J = 1.7 Hz, 15-Hb), 4.98 (1H, d, J = 1.2 Hz, 15-Ha); 

δC (100 MHz, CDCl3) δ: 17.2 (C-14), 21.8 (C-13), 27.4 (C-2), 30.0 (C-12), 30.1 (C-6), 

30.4 (C-7), 34.2 (C-11), 39.3 (C-3), 39.9 (C-10), 48.9 (C-9), 50.9 (C-1), 60.0 (C-4), 

63.9 (C-5), 112.9 (C-15), 152.0 (C-8). 

The 1H and 13C NMR spectra were in agreement with literature values.191 
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[D2]-Caryophyllene oxide 3.1.9a 

 

The same procedure as above using kobusone 3.1.10 (0.500 g, 2.25 mmol) and 

replacing methyltriphenylphosphonium bromide with [D3]-

methyltriphenylphosphonium bromide, to give the title product 3.1.9a (0.290 g, 58%) 

as a white solid. 

MP = 58-63°C; 

[α]23
D -73.38 (c 0.80, CHCl3); 

IR: νmax/cm-1 2926, 2860, 1592, 1454, 1383, 1366, 1259; 

HRMS (ESI+) Calculated for C15H22D2NaO [M-Na]+, 245.1845. Found, 245.1849; 

δH (400 MHz; CDCl3) 0.92-1.02 (1H, m, 2-Hb), 0.99 (3H, s, 13-CH3), 1.01 (3H, s, 12-

CH3), 1.20 (3H, s, 14-CH3), 1.28-1.49 (2H, m, 3-Hb, 2-Ha), 1.57-1.79 (4H, m, 10-Hb, 6-

CH2, 3-Ha), 2.06-2.15 (2H, m, 1-H, 7-Hb), 2.25 (1H, ddd, J = 3.6, 8.4, 15.5 Hz, 10-Ha), 

2.34 (1H, ddd, J = 3.6, 8.2, 12.7 Hz, 7-Ha), 2.61 (1H, q, J = 9.4 Hz, 9-H), 2.88 (1H, dd, 

J = 4.0, 10.6 Hz, 5-H); 

δC (100 MHz, CDCl3) δ: 17.1 (C-14), 21.8 (C-13), 27.4 (C-2), 29.9 (C-12), 30.1 (C-6), 

30.4 (C-7), 34.2 (C-11), 39.3 (C-3), 39.9 (C-10), 48.8 (C-9), 50.9 (C-1), 60.0 (C-4), 

63.9 (C-5), 112.9 (br., C-15), 151.8 (C-8). 
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[D4]-Caryophyllene oxide 3.1.9b 

 

The same procedure as above was used, with methyltriphenylphosphonium bromide 

being replaced with [D3]-methyltriphenylphosphonium bromide and kobusone 3.1.10 

being replaced with [D2]-kobusone 3.1.10a. The crude product was purified using flash 

chromatography (9:1 hexanes: ethyl acetate) to give the title product 3.1.9b (0.243 g, 

79%) as a white solid. 

MP = 58-61°C; 

[α]23
D -66.24 (c 0.82, CHCl3); 

IR: νmax/cm-1 2926, 2860, 1737, 1587, 1455; 

GCMS (EI) m/z (relative intensity): 174 (26), 118 (9), 104 (10), 83 (11), 69 (100), 55 

(46); 

δH (400 MHz; CDCl3) 0.92-0.99 (1H, m, 2-Hb), 0.98 (3H, s, 13-CH3), 1.01 (3H, s, 12-

CH3), 1.20 (3H, s, 14-CH3), 1.27-1.48 (2H, m, 3-Hb, 2-Ha), 1.58-1.80 (4H, m, 10-Hb, 6-

CH2, 3-Ha), 2.08 (1H, dt, J = 3.5, 12.9 Hz,  1-H), 2.23 (1H, dd, J = 4.4, 12.7 Hz, 10-

Ha), 2.61 (1H, q, J = 9.4 Hz, 9-H), 2.88 (1H, dd, J = 10.7, 4.2 Hz, 5-H); 

δC (100 MHz, CDCl3) δ: 17.1 (C-14), 21.7 (C-13), 27.4 (C-2), 30.0 (C-12), 30.1 (C-6), 

30.3 (br. C-7), 34.1 (C-11), 39.2 (C-3), 39.8 (C-10), 48.6 (C-9), 50.9 (C-1), 59.8 (C-4), 

63.7 (C-5), 112.3 (br. C-15) 151.8 (C-8). 
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Nerolidol acetate 

 

To a stirred solution of 4-dimethylaminopyridine (0.028g, 0.23 mmol) in pyridine (10 

mL), under nitrogen was added acetyl chloride (1.28 mL, 18.0 mmol), followed by 

nerolidol 3.1.6 (0.50 g, 2.25 mmol). The resulting mixture was heated under reflux for 

2 h. The mixture was cooled to room temperature, water (20 mL) was added, and then 

it was extracted with diethyl ether (3 x 20 mL). The combined organic extracts were 

washed with 1M HCl, 1M sodium hydroxide, and then dried (sodium sulfate). The 

solvent was removed in vacuo, and the crude product was purified using flash 

chromatography (19:1 hexanes: ethyl acetate) to give the title product (0.181 g, 30%) 

as a pale yellow liquid. 

δH (400 MHz; CDCl3) 1.54 (3H, s, 13-CH3), 1.59 (3H, s, 12-CH3), 1.60 (3H, s, 14-CH3),  

1.68 (3H, s, 15-CH3), 1.74-1.90 (2H, m, 4-CH2), 2.01 (3H, s, 17-CH3), 1.94-2.10 (6H, 

m, 5-CH2, 8-CH2, 9-CH2), 5.19 – 5.04 (4H, m, 1-CH2, 6-H, 10-H), 5.98 (1H, dd, J = 

17.6, 11.0 Hz, 2-H); 

δC (100 MHz, CDCl3) δ: 16.1 (C-14), 17.8 (C-15), 22.3 (C-5), 22.4 (C-17), 23.7 (C-12), 

25.8 (C-13), 26.8 (C-9), 39.8 (C-8), 39.9 (C-4), 83.1 (C-3), 113.2 (C-1), 123.8 (C-10), 

124.4 (C-6), 131.5 (C-11), 135.6 (C-7), 142.0 (C-2), 170.1 (C-16). 
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[D3]-Nerolidol acetate 3.1.7 

 

The same procedure as above using nerolidol 3.1.6 (1.00 g, 4.5 mmol) and replacing 

acetyl chloride with [D3]-acetyl chloride (0.640 mL, 9.0 mmol), to give the title product 

3.1.7 (0.120 g, 10%) as a pale yellow liquid. 

IR: νmax/cm-1 2968, 2925, 1734, 1449, 1412, 1375, 1259; 

HRMS (ESI+) Calculated for C17H25D3NaO2 [M-Na]+, 290.2170. Found, 290.2174; 

δH (400 MHz; CDCl3) 1.54 (3H, s, 13-CH3), 1.59 (3H, s, 12-CH3), 1.60 (3H, s, 14-CH3),  

1.68 (3H, s, 15-CH3), 1.75-1.90 (2H, m, 4-CH2), 1.94-2.08 (6H, m, 5-CH2, 8-CH2, 9-

CH2), 5.06 - 5.18 (4H, m, 1-CH2, 6-H, 10-H), 5.98 (1H, dd, J = 17.6, 11.0 Hz, 2-H); 

δC (100 MHz, CDCl3) δ: 15.9 (C-14), 17.8 (C-15), 21.7 (C-5), 22.3 (br., C-17), 23.6 (C-

12), 25.7 (C-13), 26.7 (C-9), 39.7 (C-8), 39.8 (C-4), 82.9 (C-3), 113.1 (C-1), 123.6 (C-

10), 124.4 (C-6), 131.5 (C-11), 135.6 (C-7), 141.9 (C-2), 170.0 (C-16). 
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Aromadendrene ketone 3.1.11 

 

Method A: from aromadendrene: 

A mixture of (+)-aromadendrene 3.1.8 (0.050 g, 0.25 mmol) and NaHCO3 (0.3 mg, 

0.003 mmol) in DCM (3 mL) and methanol (0.75 mL) was stirred under N2 for 3 h. The 

mixture was then cooled to -78°C, and O3 was bubbled through for 30 min, and then 

flushed with N2 for 10 min. Triphenylphosphine (0.077 g, 0.29 mmol) was added, and 

left to stir overnight at room temperature. The solvent was removed in vacuo, and the 

crude residue purified using flash chromatography (petroleum ether) to give the title 

product 3.1.11 (0.043 g, 43%) as white needle-like crystals. 

Method B: from Aromadendrene diol: 

To a solution of (+)-aromadendrene 3.1.8 (0.10 g, 0.49 mmol) in 1:1 tert-butanol:water 

(10 mL) was added  N-methylmorpholine-N-oxide (0.172 g, 1.5 mmol) followed by 

osmium tetroxide (0.03 mL, 0.02 mmol, 2.5%w in tert-butanol). The resulting mixture 

was stirred at room temperature for 64 h. Saturated aqueous sodium sulfite solution 

(10 mL) was added, and stirred for 1 h. The mixture was extracted with ethyl acetate 

(3 x 10 mL), and the combined organic extracts washed with 1M potassium hydroxide 

(10 mL). The organic layer was dried (sodium sulfate) and the solvent was removed 

in vacuo. The crude product was purified using flash chromatography (9:1 hexanes: 

ethyl acetate) to give the aromadendrene diol (0.092 g, 79%) which was used 

immediately without further purification. 

To a stirred mixture of the diol (0.088 g, 0.40 mmol) prepared above in methanol (30 

mL) and water (10 mL) under nitrogen, was added sodium metaperiodate (0.095 g, 

0.44 mmol). The resulting mixture was stirred at room temperature for 2 h. Saturated 

aqueous sodium chloride (20 mL) was added, and the resulting mixture extracted with 

ethyl acetate (3 x 30 mL). The combined organic extracts were dried (sodium sulfate) 

and the solvent was removed in vacuo, and the crude product was purified using flash 
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chromatography (9:1 hexanes: ethyl acetate) to give the title product 3.1.11 (0.076 g, 

100%) as a white needle-like crystals. 

MP = 82-85°C. [lit.127: 81-82°C]; 

[α]19
D -3.10 (c 2.67, CHCl3); [lit.193: -3.5 (c 2.70)]; 

δH (400 MHz; CDCl3) 0.73-0.78 (1H, dd, J = 9.9, 10.9 Hz, 2-H), 0.81-0.88 (1H, ddd, J 

= 6.3, 9.9, 10.1 Hz, 3-H), 0.95 (3H, d, J = 6.9 Hz, 11-CH3), 0.97 (3H, s, 14-CH3), 1.08 

(3H, s, 13-CH3), 1.06-1.17 (1H, m, 4-Hb), 1.47 – 1.28 (2H, m, 1-H, 9-Hb), 1.56-1.66 

(1H, m, 8-Hb), 1.75-1.84 (1H, m, 9-Ha), 1.98-2.15 (3H, m, 10-H, 8-Ha, 4-Ha), 2.36-2.50 

(2H, m, 5-CH2), 2.75-2.82 (1H, m, 7-H); 

 

δC (100 MHz, CDCl3) δ: 15.51 (C-14), 16.0 (C-11),  18.7 (C-12), 20.3 (C-8), 23.7 (C-

4), 26.6 (C-3), 27.4 (C-2), 28.8 (C-13), 34.6 (C-9), 36.5 (C-10), 42.6 (C-1), 44.4 (C-5), 

58.9 (C-7), 212.9 (C-6). 

The 1H and 13C-NMR spectra were in agreement with literature values.
127
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[D3]-Aromadendrene ketone 3.1.11a 

 

A mixture of aromadendrene ketone 3.1.11 (0.563, 2.73 mmol) in dioxane (12 mL), 

deuterium oxide (2.5 mL), and NaOD (30 wt. % in D2O, 0.50 mL) was heated at reflux 

for 40 h. The resulting mixture was cooled to room temperature, extracted with 

pentane (3 x 20 mL). The combined organic extracts were dried (sodium sulfate) and 

the solvent was removed in vacuo. The crude product was purified using flash 

chromatography (9:1 hexanes: ethyl acetate) to give the title product 3.1.11a (0.509 

g, 90%) as a white solid. 

MP = 80-84°C; 

[α]19
D -3.37 (c 0.860, CHCl3); 

IR: νmax/cm-1 2925, 2890, 2872, 1687, 1455, 1375; 

GCMS (EI) m/z (relative intensity): 209 (M+, 16), 208 (M+, 31), 207 (M+, 31), 192 (17), 

176 (12), 164 (66), 150 (17), 136 (30), 122 (44), 110 (71), 95 (100), 79 (58), 69 (46), 

55 (47); 

δH (400 MHz; CDCl3) 0.75 (1H, dd, J = 9.5, 10.5 Hz, 2-H), 0.81-0.88 (1H, ddd, J = 6.3, 

9.9, 10.1 Hz, 3-H), 0.94 (3H, d, J = 6.9 Hz, 11-CH3), 0.95 (3H, s, 14-CH3), 1.08 (3H, s, 

13-CH3), 1.06-1.13 (1H, m, 4-Hb), 1.47 – 1.28 (2H, m, 1-H, 9-Hb), 1.54-1.68 (1H, m, 8-

Hb), 1.74-1.84 (1H, m, 9-Ha), 1.97-2.14 (3H, m, 10-H, 8-Ha, 4-Ha); 

δC (100 MHz, CDCl3) δ: 15.5 (C-14), 16.1 (C-11),  18.6 (C-12), 20.3 (C-8), 23.6 (C-4), 

26.6 (C-3), 27.4 (C-2), 28.9 (C-13), 34.6 (C-9), 36.5 (C-10), 42.6 (C-1), 43.6 (br., C-5), 

58.4 (br., C-7), 213.0 (C-6). 

 

  



128 
 

(+)-Aromadendrene 3.1.8 

 

To methyltriphenylphosphonium bromide (0.173 g, 0.49 mmol) in THF (1.0 mL) under 

nitrogen at -78°C was added n-BuLi (0.3 mL, 0.36 mmol, 1.4M in THF) dropwise. The 

resulting mixture was stirred at 0°C for 10 min, then cooled to -78°C before adding 

aromadendrene oxide ketone 3.1.11 (0.05 g, 0.24 mmol) in THF (1 mL) dropwise. The 

mixture was warmed to room temperature and stirred for a further 24 h. Water (5 mL) 

was slowly added, and the resulting mixture extracted with diethyl ether (25 mL). The 

organic layer was washed with 2M HCl (5 mL), then 4M NaOH (5 mL). The combined 

basic aqueous washes were further extracted with diethyl ether (3 x 20 mL). The 

combined organic extracts were dried (MgSO4) and the solvent was removed in vacuo. 

The crude product was purified using flash chromatography (petroleum ether) to give 

the title product 3.1.8 (0.030g, 60%) as a clear colourless oil. 

[α]23
D +12.00 (neat). [lit.127: +6.90 (c 2.62)]; 

GCMS (EI) m/z (relative intensity): 204 (M+, 31) 189 (40), 175 (9), 161 (100), 147 (38), 

133 (66), 119 (64), 105 (79), 91 (93), 79 (67), 69 (46), 55 (36); 

δH (400 MHz; CDCl3) 0.57-0.70 (2H, m, 2-H, 3-H), 1.94-1.06 (1H, m, 4-CHb), 0.95 (3H, 

s, 11-CH3), 0.97 (3H, s, 13-CH3), 1.03 (3H, s, 14-CH3), 1.13-1.24 (1H, m, 9-CHb), 1.33-

1.41 (1H, q, J = 10.5 Hz, 1-H), 1.50-1.60 (1H, m, 8-CHb), 1.64-1.71 (1H, m, 8-CHa), 

1.80-1.88 (1H, m, 9-CHa), 1.91-1.99 (1H, m, 4-CHa), 2.00-2.14 (2H, m, 5-Hb, 10-H), 

2.17-2.25 (1H, m, 7-H), 2.37-2.44 (1H, m, 5-CHa), 4.61 (2H, d, J = 1.2 Hz, 15-CH2); 

δC (100 MHz, CDCl3) δ: 16.0 (C-14), 17.3 (C-11), 20.1 (C-12), 24.9 (C-4), 27.6 (C-3), 

28.9 (C-13), 29.3 (C-2), 29.6 (C-8), 35.3 (C-9), 35.5 (C-10), 39.2 (C-5), 43.9 (C-1), 

53.9 (C-7), 105.5 (C-15), 154.9 (C-6). 

The 1H and 13C-NMR spectra were in agreement with literature values.
194  
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[D2]-Aromadendrene 3.1.8a 

 

The same procedure as above using aromadendrene oxide ketone 3.1.11 (0.100 g, 

0.24 mmol) and replacing methyltriphenylphosphonium bromide with [D3]-

methyltriphenylphosphonium bromide, to give the title product 3.1.8a (0.071g, 71%) 

as a clear colourless oil. 

[α]23
D +3.38 (c 1.98, CHCl3); 

IR: νmax/cm-1 2942, 2863, 1597, 1455, 1375; 

GCMS (EI) m/z (relative intensity): 206 (M+, 35) 191 (38), 177 (7), 163 (100), 149 (40), 

135 (59), 121 (82), 107 (94), 93 (93), 81 (77), 69 (74), 55 (44); 

δH (400 MHz; CDCl3) δ: 0.57-0.70 (2H, m, 2-H, 3-H), 1.94-1.06 (1H, m, 4-CHb), 0.95 

(3H, s, 11-CH3), 0.97 (3H, s, 13-CH3), 1.03 (3H, s, 14-CH3), 1.13-1.24 (1H, m, 9-CHb), 

1.33-1.41 (1H, q, J = 10.5 Hz, 1-H), 1.49-1.60 (1H, m, 8-CHb), 1.64-1.71 (1H, m, 8-

CHa), 1.81-1.89 (1H, m, 9-CHa), 1.91-1.99 (1H, m, 4-CHa), 2.00-2.14 (2H, m, 5-Hb, 10-

H), 2.17-2.25 (1H, m, 7-H), 2.37-2.44 (1H, m, 5-CHa); 

δC (100 MHz, CDCl3) δ: 16.0 (C-14), 17.3 (C-11), 20.1 (C-12), 24.8 (C-4), 27.6 (C-3), 

28.9 (C-13), 29.3 (C-2), 29.6 (C-8), 35.3 (C-9), 35.4 (C-10), 39.2 (C-5), 43.8 (C-1), 

53.9 (C-7), 105.0 (br., C-15), 154.7 (C-6). 
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[D5]-Aromadendrene 3.1.8b 

 

The same procedure as above was used, with methyltriphenylphosphonium bromide 

being replaced with [D3]-methyltriphenylphosphonium bromide and aromadendrene 

oxide ketone 3.1.11 being replaced with aromadendrene oxide ketone 3.1.11a. The 

crude product was purified using flash chromatography (19:1 hexanes: ethyl acetate) 

to give the title product 3.1.8b (0.307g, 71%) as a clear colourless oil. 

[α]23
D +1.32 (c 0.38, CHCl3); 

IR: νmax/cm-1 2950, 2863, 1589, 1455, 1375; 

GCMS (EI) m/z (relative intensity): 209 (M+, 14) 194 (28), 179 (12), 166 (39), 151 (20), 

137 (93), 123 (48), 109 (69), 95 (80), 81 (69), 69 (100), 55 (31); 

δH (400 MHz; CDCl3) 0.57-0.71 (2H, m, 2-H, 3-H), 1.94-1.06 (1H, m, 4-CHb), 0.95 (3H, 

s, 11-CH3), 0.97 (3H, s, 13-CH3), 1.03 (3H, s, 14-CH3), 1.13-1.24 (1H, m, 9-CHb), 1.33-

1.41 (1H, q, J = 10.5 Hz, 1-H), 1.50-1.60 (1H, m, 8-CHb), 1.64-1.71 (1H, m, 8-CHa), 

1.80-1.88 (1H, m, 9-CHa), 1.95 (1H, dd, J =6.6, 13.9 Hz, 4-CHa), 2.00-2.14 (2H, m, 5-

Hb, 10-H); 

δC (100 MHz, CDCl3) δ: 16.0 (C-14), 17.3 (C-11), 20.1 (C-12), 24.8 (C-4), 27.6 (C-3), 

28.9 (C-13), 29.3 (C-2), 29.5 (C-8), 35.3 (C-9), 35.5 (C-10), 38.5 (br., C-5), 43.9 (C-1), 

53.2 (br., C-7), 105.0 (br., C-15), 154.8 (C-6). 
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Caryophyllene ketone 3.1.12 

 

To a mixture of zinc powder (2.5 g, 38.5 mmol), sodium iodide (1.7 g, 11.5 mmol) and 

sodium acetate (0.57 g, 6.95 mmol) in glacial acetic acid (7.5 mL) at 0°C was added 

a solution of caryophyllene oxide ketone 3.1.10 (1.5 g, 6.75 mmol) in dry DCM. The 

resulting mixture was stirred at room temperature for 48 h, and then filtered through a 

sintered funnel. The filtrate was extracted with DCM (3 x 20 mL), and the combined 

organic fractions washed with brine (40 mL), and then H20 (40 mL). The combined 

organic fractions were dried (sodium sulfate), and the solvent removed in vacuo. The 

crude product was purified using flash chromatography (9:1 hexanes: ethyl acetate) 

to give the title product 3.1.12 (0.98 g, 71%) as a pale orange oil. 

[α]23
D -54.40 (c 1.48, CHCl3) [lit.195: -78.70 (c1.28)]; 

δH (400 MHz; CDCl3) 0.99-1.05 (6H, m, 12-CH3, 13-CH3), 1.50-1.67 (2H, m, 2-CH2), 

1.76 (3H, s, 14-CH3), 1.84-2.88 (10H, m, 1-H, 3-CH2, 6-CH2, 7-CH2, 9-H, 10-CH2), 

5.24-5.32 (1H, m, 5-H); 

δC (100 MHz, CDCl3) δ: 16.1 (C-14), 22.0 (C-6), 23.2 (C-13), 29.0 (C-12), 29.5 (C-2), 

33.6 (C-11), 35.9 (C-10), 40.0 (C-3), 40.9 (C-7), 52.1 (C-9), 52.7 (C-1), 122.9 (C-5), 

138.2 (C-4), 216.4 (C-8). 

The 1H and 13C-NMR spectra were in agreement with literature values.
196
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[D2]-Caryophyllene ketone 3.1.12a 

 

The same procedure as above for [D2]-Kobusone 3.1.10a, replacing kobusone 3.1.10 

with caryophyllene ketone 3.1.12 (0.05, 0.24 mmol) to give the title product 3.1.12a 

(0.049 g, 98%) as a pale orange oil. 

[α]19
D -57.91 (c 0.62, CHCl3); 

HRMS (ESI+) Calculated for C14H20D2NaO [M-Na]+, 231.1688. Found, 231.1681; 

δH (400 MHz; CDCl3) 0.99 (3H, s, 12-CH3), 1.02 (3H, s, 13-CH3), 1.50-1.67 (2H, m, 2-

CH2), 1.76 (3H, s, 14-CH3), 1.84-2.88 (8H, m, 1-H, 3-CH2, 6-CH2, 9-H, 10-CH2), 5.21-

5.47 (1H, m, 5-H); 

δC (100 MHz, CDCl3) δ: 16.1 (C-14), 22.0 (C-6), 23.2 (C-13), 29.0 (C-12), 29.5 (C-2), 

33.6 (C-11), 35.9 (C-10), 39.9 (C-3), 40.9 (br., C-7), 49.9 (C-9), 52.6 (C-1), 122.8 (C-

5), 138.2 (C-4), 216.8 (C-8). 

The 1H and 13C-NMR spectra were in agreement with literature values.
124  

 

  



133 
 

(-)-β-Caryophyllene 3.1.13 

 

To methyltriphenylphosphonium bromide (0.173 g, 0.50 mmol) in THF (1.0 mL) under 

nitrogen at -78°C was added n-BuLi (0.29 mL, 0.40 mmol, 1.4M in THF) dropwise. The 

resulting mixture was stirred at 0°C for 10 min, then cooled to -78°C before adding 

caryophyllene ketone 3.1.12 (0.05 g, 0.24 mmol) in THF (1 mL) dropwise. The mixture 

was warmed to room temperature and stirred for a further 24 h. Water (5 mL) was 

slowly added, and the resulting mixture extracted with diethyl ether (25 mL). The 

organic layer was washed with 2M HCl (5 mL), then 4M NaOH (5 mL). The combined 

basic aqueous washes were further extracted with diethyl ether (3 x 20 mL). The 

combined organic extracts were dried (MgSO4) and the solvent was removed in vacuo. 

The crude product was purified using flash chromatography (petroleum ether) to give 

the title product 3.1.13 (0.071g, 48%) as a clear colourless oil. 

[α]23
D -7.69 (c 0.26, CHCl3) [lit.196: -12.90 (c 1.07)]; 

GCMS (EI) m/z (relative intensity): 204 (M+, 4) 189 (19), 175 (10), 161 (31), 147 (29), 

133 (92), 120 (41), 105 (60), 93 (100), 91 (88), 79 (74), 69 (77), 55 (31); 

δH (400 MHz; CDCl3) 0.98-1.00 (6H, m, 12-CH2, 13-CH2), 1.34-2.55 (15H, m, 1-H, 2-

CH2, 3-CH2, 14-CH3, 6-CH2, 7-CH2, 9-H, 10-CH2), 5.01 – 4.69 (2H, m, 15-CH2), 5.24-

5.32 (1H, m, 5-H); 

δC (100 MHz, CDCl3) δ: 16.4 (C-14), 16.4 (C-14*), 22.8 (C-12), 23.2 (C-12*), 28.3 (C-

13), 28.4 (C-13*), 28.7 (C-6*), 29.4 (C-6), 30.1 (C-2), 30.2 (C-2*), 33.0 (C-11), 33.1 

(C-11*), 35.0 (C-7), 35.7 (C-7*), 40.0 (C-10), 40.1 (C-10*), 40.4 (C-3), 40.5 (C-3*), 48.6 

(C-9), 49.4 (C-9*), 52.0 (C-1*), 53.7 (C-1), 110.4 (C-15*), 111.8 (C-15), 124.5 (C-5), 

125.0 (C-5*), 135.7 (C-4), 136.4 (C-4*), 154.9 (C-8), 156.8 (C-8*) *denotes the cis 

isomer. 

The 1H and 13C-NMR spectra were in agreement with literature values.
196  
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[D2]-Caryophyllene 3.1.13a 

 

The same procedure as above using caryophyllene ketone 3.1.12 (0.10 g, 0.50 mmol) 

and replacing methyltriphenylphosphonium bromide with [D3]-

methyltriphenylphosphonium bromide, to give the title product 3.1.13a (0.059g, 59%) 

as a clear colourless oil. 

[α]23
D -15.38 (c 0.80, CHCl3); 

IR: νmax/cm-1 2925, 2858, 1592, 1446, 1382, 1366; 

GCMS (EI) m/z (relative intensity): 206 (M+, 4) 191 (19), 177 (9), 163 (31), 149 (27), 

135 (67), 121 (56), 107 (53), 95 (78), 93 (77), 81 (67), 69 (100), 55 (34); 

δH (400 MHz; CDCl3) 0.98-1.00 (6H, m, 12-CH2, 13-CH2), 1.34-2.55 (15H, m, 1-H, 2-

CH2, 3-CH2, 14-CH3, 6-CH2, 7-CH2, 9-H, 10-CH2), 5.15-5.27 (1H, m, 5-H); 

δC (100 MHz, CDCl3) δ: 15.4 (C-14), 15.4 (C-14*), 21.6 (C-12), 22.2 (C-12*), 27.3 (C-

13), 27.7 (C-13*), 28.3 (C-6), 28.8 (C-6*), 28.9 (C-2*), 29.1 (C-2), 33.7 (C-7), 33.8 (C-

7*), 34.4 (C-11), 34.4 (C-11*), 38.4 (C-10), 39.3 (C-3), 39.4 (C-10*), 41.6 (C-3*), 47.4 

(C-9), 58.3 (C-9*), 50.9 (C-1*), 52.6 (C-1), 110.1 (br., C-15*), 110.1 (br., C-15), 123.1 

(C-5), 124.2 (C-5*), 134.7 (C-4), 135.4 (C-4*), 153.4 (C-8), 155.3 (C-8*) *denotes the 

minor cis isomer. 

 

  



135 
 

[D4]-Caryophyllene 3.1.13b 

 

The same procedure as above was used, with methyltriphenylphosphonium bromide 

being replaced with [D3]-methyltriphenylphosphonium bromide and caryophyllene 

3.1.12 being replaced with [D2]-caryophyllene ketone 3.1.12a. The crude product was 

purified using flash chromatography (19:1 hexanes: ethyl acetate) to give the title 

product 3.1.13b (0.121g, 48%) as a clear colourless oil. 

[α]23
D -13.537 (c 0.80, CHCl3); 

IR: νmax/cm-1 2925, 2859, 1588, 1449, 1381, 1366, 1277; 

GCMS (EI) m/z (relative intensity): 208 (M+, 4) 193 (16), 178 (9), 165 (25), 151 (25), 

136 (72), 123 (48), 109 (65), 93 (85), 81 (26), 69 (100), 55 (31); 

δH (400 MHz; CDCl3) 0.98-1.00 (6H, m, 12-CH2, 13-CH2), 1.34-2.55 (13H, m, 1-H, 2-

CH2, 3-CH2, 14-CH3, 6-CH2, 9-H, 10-CH2), 5.23-5.34 (1H, m, 5-H); 

δC (100 MHz, CDCl3) δ: 16.3 (C-14), 22.6 (C-12), 28.3 (C-13), 29.4 (C-6), 30.1 (C-2), 

33.0 (C-11), 34.5 (br., C-7), 40.0 (C-10), 40.4 (C-3), 48.4 (C-9), 53.6 (C-1), 111.2 (br., 

C-15), 124.2 (C-5), 135.5 (C-4), 154.5 (C-8). 
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Isoledene 3.1.14 

 

To well-dried alumina (5 g) stirring vigorously at 200 °C under nitrogen was added 

potassium metal (0.5 g) in small portions. The resulting blue/ grey powder was cooled 

to room temperature, then to 0 °C and dry hexanes (4 mL) was added. A solution of 

aromadendrene 3.1.8 (0.147 g, 0.72 mmol) in hexanes (2.5 mL) was added, the 

resulting suspension warmed to room temperature and left to stir overnight. The green/ 

grey suspension was filtered and washed with a 1:1 diethyl ether: hexane (50 mL). 

The organic filtrate was dried (sodium sulfate) and the solvent was removed in vacuo. 

The crude product was purified using flash chromatography (petroleum ether) to give 

the title product 3.1.14 (0.105 g, 71%) as a clear colourless oil. 

[α]23
D -50.60 (c 0.96, CHCl3); 

δH (400 MHz; CDCl3) 0.89 (3H, s, 13-CH3), 0.95-1.06 (2H, m, 3-H, 2-H), 1.00 (3H, d, J 

= 12.0 Hz, 15-CH3), 1.02 (3H, d, J = 8.0 Hz, 11-CH3), 1.08 (3H, s, 14-CH3), 1.20-1.31 

(1H, m, 5-CH2), 1.39-1.52 (1H, m, 4-CHa), 1.69-1.79 (1H, m, 4-CHb) 1.85-1.98 (3H, m, 

9-CH2, 6-H), 1.98-2.13 (1H, m, 8-CHa), 2.36-2.51 (2H, m, 8-CHb, 10-H); 

δC (100 MHz, CDCl3) δ: 16.2 (C-11), 19.4 (C-15), 20.9 (C-12), 21.9 and 23.0 (C-13, 

C-14), 24.4 (C-2), 28.5 (C-3), 30.6 (C-9), 31.6 (C-4), 34.8 (C-5), 35.2 (C-6), 38.2 (C-

8), 45.2 (C-10), 137.1 (C-7), 138.8 (C-1). 

The 1H and 13C NMR spectra were in agreement with literature values.128  
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[D2]-Isoledene 3.1.14a 

 

The same procedure as above, replacing aromadendrene 3.1.8 with [D2]-

aromadendrene 3.1.8a (0.08 g, 0.39 mmol) to give the title product 3.1.14a (0.040 g, 

50%) as a clear colourless oil. 

[α]20
D -34.875 (c 0.80, CHCl3); 

IR: νmax/cm-1 3384, 2926, 2864, 1686, 1454, 1373, 1104; 

GCMS (EI) m/z (relative intensity): 220 (M+, 89) 204 (60), 187 (20), 177 (19), 159 (59), 

145 (55), 131 (57), 105 (82), 91 (100), 77 (58), 69 (29), 55 (52); 

δH (400 MHz; CDCl3) 0.89 (3H, s, 13-CH3), 0.95-1.06 (2H, m, 3-H, 2-H), 1.02 (3H, d, J 

= 8.0 Hz, 11-CH3), 1.08 (3H, s, 14-CH3), 1.20-1.31 (1H, m, 5-CH2), 1.39-1.52 (1H, m, 

4-CHa), 1.69-1.79 (1H, m, 4-CHb) 1.85-1.98 (3H, m, 9-CH2, 6-H), 1.98-2.13 (1H, m, 8-

CHa), 2.36-2.51 (2H, m, 8-CHb, 10-H); 

δC (100 MHz, CDCl3) δ: 15.9 (C-11), 19.2 (br., overlapped, C-15), 20.9 (C-12), 21.9 

and 22.9 (C-13, C-14), 24.4 (C-2), 28.6 (C-3), 30.6 (C-9), 31.6 (C-4), 34.7 (C-5), 35.2 

(C-6), 38.1 (C-8), 45.2 (C-10), 136.8 (C-7), 138.8 (C-1). 
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NMR Spectra 
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Appendix 3 - Supplementary information for 

Chapter 3.2 
 

Table A3.1. Standard solution used for method development. 

Internal Standard 
Concentrations (µg/L) 

Stock solution Sample 

[d2]-Isoledene 2500 25 

[d5]-Aromadendrene 500 5 

[d3]-Aromadendrene ketone 500 5 

[d2]-Caryophyllene ketone 1000 10 

[d2]-Caryophyllene oxide ketone 5000 50 

[d4]-Caryophyllene oxide 500 5 

[d4]-Caryophyllene 2000 20 

[d5]-Farnesyl acetate 500 5 

[d2]-Farnesol 500 5 

[d3]-Methyl farnesoate 500 5 

 

 

Table A3.2. Retention times and monitored ions with respective collision energy used. Transitions in 

bold used for quantification. 

 
RT Parent Ion Daughter ion 

Collision energy 

(eV) 

Isoledene 16.4 204 161 10 

  
  

189 5 

  
 

161 91 25 

      119 10 

[d2]-Isoledene   206 163 10 

  
 

204 189 5 

  
 

163 120 10 

      93 10 

Aromadendrene 20.6 161 119 10 

  
  

105 10 

  
 

204 161 5 

      189 5 

[d5]-Aromadendrene 
 

166 108 10 

  
  

81 25 

  
  

84 25 

  
 

209 192 10 

      166 5 

Aromadendrene ketone 29.7 206 191 5 

  
  

163 10 

  
 

163 145 5 
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      107 5 

[d3]-Aromadendrene ketone 
 

209 194 5 

  
 

166 148 5 

      92 25 

Caryophyllene ketone 28.9 206 191 5 

  
 

150 135 10 

  
  

107 10 

  
 

107 91 10 

      77 20 

[d2]-Caryophyllene ketone 
 

208 193 15 

  
 

207 193 15 

  
 

151 136 10 

  
  

108 10 

  
 

108 93 5 

      77 20 

Caryophyllene oxide ketone 30.6 96 55 5 

  
  

67 10 

  
 

107 91 25 

      79 10 

[d2]-Caryophyllene oxide ketone 
 

98 55 10 

  
  

70 5 

  
 

109 93 10 

      80 10 

Caryophyllene oxide 29.4 205 145 10 

  
  

121 10 

  
 

121 105 10 

  
  

93 5 

  
 

93 77 10 

      51 25 

[d4]-Caryophyllene oxide 
 

95 55 15 

  
  

79 10 

  
 

123 108 10 

  
  

95 5 

  
 

209 148 10 

      124 10 

Caryophyllene 19.7 133 105 10 

  
  

115 10 

  
 

204 189 5 

  
 

161 82 10 

  
 

105 91 10 

      77 15 

[d4]-Caryophyllene 
 

136 121 10 

  
  

97 10 

  
  

79 10 

  
  

108 10 

  
 

207 193 5 
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208 193 5 

  
 

122 93 10 

  
 

109 93 10 

      67 10 

Farnesyl acetate 34.6 93 91 5 

  
  

77 10 

  
 

120 105 10 

      103 15 

[d5]-Farnesyl acetate 
 

95 78 10 

  
  

93 5 

  
 

122 107 10 

      105 10 

Farnesol 35.8 161 133 10 

  
  

119 10 

  
 

119 91 10 

      103 15 

[d2]-Farnesol 
 

163 135 10 

  
  

121 10 

  
 

121 105 10 

      93 10 

Methyl farnesoate 33.8 114 99 5 

  
  

83 10 

  
 

207 147 5 

      119 20 

[d3]-Methyl farnesoate 
 

117 102 5 

  
  

83 10 

  
 

210 147 5 

      119 20 
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Table A3.3. Values for 1st run of Box-Benkhen experiments. 

Experiment # 
Extraction time 

(min) 

Equilibration time 

(min) 
Temperature (°C) 

1 30 7 40 

2 70 7 40 

3 70 7 60 

4 30 2 50 

5 50 2 40 

6 70 2 50 

7 50 12 40 

8 30 7 60 

9 50 7 50 

10 50 2 60 

11 70 12 50 

12 50 7 50 

13 50 7 50 

14 30 12 50 

15 50 12 60 

 

 

Table A3.4. Values for 2nd run of Box-Benkhen experiments. 

Experiment # Extraction time (min) Equilibration time (min) Temperature (°C) 

1 45 7 40 

2 85 7 40 

3 85 7 60 

4 45 2 50 

5 65 2 40 

6 85 2 50 

7 65 12 40 

8 45 7 60 

9 65 7 50 

10 65 2 60 

11 85 12 50 

12 65 7 50 

13 65 7 50 

14 45 12 50 

15 65 12 60 
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Table A3.5. Concentrations of analytes across all calibration levels. 1.Other than caryophyllene oxide 

ketone. 

  Calibration level (µg L-1) 

Analyte 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

All analytes1 0 0.1 0.2 0.5 1 1.5 3 5 7 10 30 50 70 100 

Caryophyllene oxide ketone 0 1 2 5 10 15 30 50 70 100 300 500 700 1000 

              

 

Table A3.6. Detected concentrations of analytes with and without centrifugation of juice sample. 

 
Amount (µg/L) 

  No centrifugation Centrifugation 

Aromadendrene 15.26 17.05 

Aromadendrene ketone 3.85 4.14 

Caryophyllene 2.17 1.97 

Caryophyllene oxide 97.99 84.19 

Caryophyllene ketone 15.83 17.88 

Caryophyllene oxide ketone 0.529 0.919 

Farnesol 0.399 0.389 

Farnesyl acetate 0.074 0.093 

Isoledene 26.94 20.81 

Methyl farnesoate 4.65 5.23 
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Figure A3.1. Combined transitions of each sesquiterpene showing retention times. 
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Figure A3.2. Chromatograph of sesquiterpene standards at calibration level 4.
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Appendix 4 - Experimental procedures for Chapter 3.4 

 

General Information: 

All non-aqueous reactions were carried out under a dry nitrogen atmosphere unless 

otherwise stated. All other commercial reagents were used without further purification 

unless otherwise stated.  

Flash chromatography was carried out using silica gel 60 (40-63 µm, 230-430 mesh 

ASTM) with the solvents specified. Thin layer chromatography (TLC) was performed 

using Merck silica gel 60 F254 aluminium plates pre-coated with silica. A solvent mix of 

2:1 hexanes; ethyl acetate was used unless otherwise stated. Compounds were 

identified using ultraviolet fluorescence and staining with either vanillin in ethanolic 

sulfuric acid (followed by heating), or iodine on silica. 

All melting points were measured using a Reicher-Kofler block and are uncorrected. 

High resolution mass spectra were recorded using a VG-70SE spectrometer at a 

nominal resolution of 5000. Electron impact ionization (EI+), or electro spray ionization 

(ESI+) were used to record mass spectra. Infrared spectra were recorded using a 

Perkin-Elmer Spectrum 1000 series Fourier Transform IR spectrometer as a thin film 

between sodium chloride plates or neat. Absorption maxima are expressed in wave 

numbers (cm-1). 

NMR spectra were recorded on a Bruker DRX400 (at 400 MHz for 1H nuclei and at 

100 MHz for 13C nuclei). All chemical shifts (δ) are reported in parts per million (ppm) 

relative to tetramethylsilane (TMS, 0.0 ppm) or deuterated chloroform (7.26 ppm) as 

an internal reference. All samples were run in deuterated chloroform, unless otherwise 

specified. 1H NMR data is reported in the following order: chemical shift, relative 

integral, multiplicity (s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of 

doublet of doublets; dt, doublet of triplets; t, triplet; q, quartet; m, multiplet), coupling 

constant(s), J values are given in hertz (Hz). 

. 
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2-Acetyl-2-allylcyclohexan-1-one 3.4.7 

 

A mixture of 2-acetylcyclohexan-1-one 3.4.1 (5.0 g, 36 mmol), allyl acetate (7.14 g, 71 

mmol), K2CO3 (9.86 g, 71 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.41 

g, 0.36 mmol) in THF (100 mL) was stirred at room temperature overnight under 

nitrogen atmosphere. The resulting mixture was filtered through celite, and the solvent 

removed in vacuo. The crude product was purified using flash chromatography (9:1 

hexanes: ethyl acetate) to give the title product 3.4.7 (6.26 g, 87%) as a clear 

colourless oil. 

δH (400 MHz; CDCl3) 1.20–1.35 (1H, m, 4-CHa), 1.59-1.80 (3H, m, 4-CHb, 5-CH2), 

1.94-2.02 (1H, m, 3-CHb), 2.09 (3H, s, 8-CH3), 2.24-2.32 (1H, m, 3-CHb), 2.39-2.50 

(3H, m, 6-CH2, 9-CHa), 2.61 (1H, dd, J = 7.2, 15.2 Hz, 9-CHb), 5.03-5.08 (2H, m, 11-

CH2), 5.56-5.67 (1H, m, 10-CH); 

δC (100 MHz; CDCl3) 22.1 (C-4), 26.4 (C-8), 27.2 (C-5), 34.1 (C-3), 38.8 (C-9), 41.8 

(C-6), 67.6 (C-2), 118.5 (C-11), 132.8 (C-10), 206.1 (C-7), 209.6 (C-1). 

The 1H and 13C-NMR data were in agreement with literature values.
197
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2-Acetyl-2-allylcyclohexan-1-one ethylene ketal 3.4.6 

 

A mixture of 2-acetyl-2-allylcyclohexan-1-one 3.4.7 (3.63 g, 20.14 mmol), ethylene 

glycol (2.5 mL, 44.3 mmol), and p-toluene sulfonic acid (4.0 mg, 0.02 mmol) in 

benzene (80 mL) was refluxed under a Dean Stark trap for 18h. The mixture was 

cooled to room temperature, washed with 1M aqueous sodium hydroxide (50 mL), 

water (50 mL), then extracted with ethyl acetate (3 x 30 mL). The combined organic 

extracts were washed with brine (50 mL), dried (MgSO4), and the solvent removed in 

vacuo. The crude product was purified using flash chromatography (9:1 hexanes: ethyl 

acetate) to give the title product 3.4.6 (3.60 g, 80%) as a clear colourless oil. 

δH (400 MHz; CDCl3) 1.33-1.44 (1H, m, 4-CHa), 1.47-1.67 (6H, m, 3-CHa, 4-CHb, 5-

CH2, 6-CH2), 1.99-2.06 (1H, m, 3-CHb), 2.21 (3H, s, 8-CH3), 2.37 (1H, dd, J = 7.9, 14.6 

Hz, 9-CHa), 2.79 (1H, dd, J = 7.8, 14.6 Hz, 9-CHb), 3.88-3.98 (4H, m, 12-CH2, 13-CH2), 

5.02 (2H, dd, J = 12.1, 18.5 Hz, 11-CH2), 5.46-5.56 (1H, m, 10-CH); 

δC (100 MHz; CDCl3) 20.9 (C-4), 23.2 (C-5), 29.2 (C-8), 29.2 (C-3), 32.0 (C-6), 35.5 

(C-9), 59.0 (C-2), 64.2, 64.7 (C-12, C-13), 111.2 (C-1), 118.0 (C-11), 133.6 (C-10), 

210.7 (C-7). 

The 1H data was in agreement with literature values.
198
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2-Acetyl-2-(2-oxoethyl) cyclohexan-1-one ethylene ketal 3.4.5 

 

A mixture of 2-acetyl-2-allylcyclohexan-1-one ethylene ketal 3.4.6 (0.50 g, 2.23 mmol) 

and NaHCO3 (2 mg, 0.02 mmol) in 4:1 DCM: methanol (10 mL) was stirred at room 

temperature for 1 h. Ozone (0.21 g, 4.5 mmol) was then bubbled through the mixture 

and PPh3 (0.70 g, 2.7 mmol) was added. The resulting mixture was stirred at room 

temperature overnight, under nitrogen. The solvent was removed in vacuo to give the 

title product 3.4.5 (0.45 g, 90%) which was used without further purification.  
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Spiro[4.5]dec-2-ene-1,6-dione 6-ethylene ketal 3.4.9 

 

2-Acetyl-2-(2-oxoethyl) cyclohexan-1-one ethylene ketal 3.4.5 (0.47 g, 2.1 mmol) was 

stirred in a mixture of methanol (20 mL) and 1M KOH aqueous solution (20 mL) at 

room temperature for 22 h. The mixture was extracted with ethyl acetate (3 x 30 mL), 

and the combined organic extracts washed with brine (40 mL) and dried (MgSO4). The 

solvent was removed in vacuo and the crude product was purified using flash 

chromatography (9:1 petroleum ether: ethyl acetate) to give the title product 3.4.9 

(0.31 g, 75%) as a white solid. 

MP = 87-94 °C; lit = 95-95.3 °C;171 

δH (400 MHz; CDCl3) 1.31-1.40 (1H, m, 9-CHa), 1.54-1.64 (3H, m, 7-CHa, 8-CHa, 10-

CHa), 1.69-1.90 (3H, m, 8-CHb, 9-CHb, 10-CHb), 1.94-2.01 (1H, m, 7-CHb), 2.34 (1H, 

d, J = 17.0 Hz, 4-CHa), 2.92 (1H, d, J = 17.2 Hz, 4-CHb), 3.93-3.96 (4H, m, 11-CH2, 

12-CH2), 6.07 (1H, d, J = 5.8 Hz, 2-CH), 7.62 (1H, m, 3-CH); 

δC (100 MHz; CDCl3) 20.9 (C-9), 23.3 (C-8), 32.1 (C-7), 33.9 (C-10), 40.7 (C-4), 54.0 

(C-5), 64.7, 65.4 (C-11, C-12), 111.0 (C-6), 133.3 (C-2), 162.4 (C-3), 210.4 (C-1). 

The 1H and 13C-NMR data were in agreement with literature values.
171
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Spiro[4.5]decane-1-one 6-ethylene ketal 3.4.4 

 

A mixture of spiro[4.5]dec-2-ene-1,6-dione 6-ethylene ketal 3.4.9 (0.10 g, 0.50 mmol) 

and palladium on carbon (10% w/w, 52 mg, 0.05 mmol) in ethanol (10 mL) was stirred 

at room temperature under a hydrogen atmosphere for 2.5 h. The resulting mixture 

was filtered through celite, and the solvent removed in vacuo. The crude product was 

purified using flash chromatography (9:1 petroleum ether: ethyl acetate) to give the 

title product 3.4.4 (0.092 g, 91%) as a clear colourless oil. 

δH (400 MHz; CDCl3) 1.35-2.03 (12H, m, 3-CH2, 4-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2), 

2.25-2.31 (2H, m, 2-CH2), 3.89-3.94 (4H, m, 11-CH2, 12-CH2); 

δC (100 MHz; CDCl3) 18.6 (C-3), 20.6 (C-9), 23.3 (C-8), 31.5 (C-4), 32.4 (C-7), 32.8 

(C-10), 40.0 (C-2), 55.6 (C-5), 64.6, 65.3 (C-11, C-12), 111.1 (C-6), 219.3 (C-1). 

The 1H and 13C-NMR data were in agreement with literature values.
199
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Spiro[4.5]decane-1-methylene 6-ethylene ketal 3.4.11 

 

A suspension of methyl triphenyl phosphonium bromide (1.76 g, 4.94 mmol) and 

potassium tert-butoxide (0.55 g, 4.94 mmol) in toluene (20 mL) were heated at 100 °C 

for 15 mins. A solution of spiro[4.5]decane-1-one 6-ethylene ketal 3.4.4 (0.80 g, 3.8 

mmol) in toluene (6 mL) was added and the mixture heated under reflux for 21 h. The 

reaction was then cooled to room temperature, water (20 mL) added. The mixture was 

extracted with diethyl ether (3 x 20 mL), and the combined organic extracts washed 

with brine (30 mL) and dried (MgSO4). The solvent was removed in vacuo and the 

crude product was purified using flash chromatography (9:1 petroleum ether: ethyl 

acetate) to give the title product 3.4.11 (0.64 g, 80%) as a white solid. 

MP: 62-65 °C; 

IR: νmax/cm-1 3292 (=C-H), 2944 (C-H), 2606 (C-H), 2499 (C-H), 1037 (C-O-C); 

HRMS (ESI+) Found (MNa+): 231.1352 C13H20NaO2 requires 231.1356; 

δH (400 MHz; CDCl3) 1.45-1.77 (12H, m, 3-CH2, 4-CH2, 7-CH2, 8-CH2, 9-CH2, 10-CH2), 

2.30-2.36 (2H, m, 2-CH2), 3.79-3.98 (4H, m, 12-CH2, 13-CH2), 4.97 (1H, s, 11-CHa), 

5.03 (1H, s, 11-CHb); 

δC (100 MHz; CDCl3) 14.1 (C-2), 22.1 (C-3), 23.3 (C-8), 23.6 (C-9), 33.2 (C-10), 34.7 

(C-7), 36.6 (C-4), 52.6 (C-5), 64.9, 65.4 (C-12, C-13), 107.9 (C-11), 113.0 (C-6), 157.5 

(C-1). 
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(1R*, 5R*)-Spiro[4.5]-1-methyldecane-6-one 3.4.3 

 

A mixture of spiro[4.5]decane-1-methylene 6-ethylene ketal 3.4.11 (0.10 g, 0.50 mmol) 

and palladium on carbon (10% w/w, 52 mg, 0.05 mmol) in ethanol (5 mL) was stirred 

at room temperature under a hydrogen atmosphere for 18 h. The resulting mixture 

was filtered through celite, and the solvent removed in vacuo. The resulting mixture of 

products was dissolved in acetone (5 mL) and stirred in 2M HCl aqueous solution (20 

mL) for 5 mins. The mixture was neutralised with 1M NaOH, extracted with diethyl 

ether (3 x 20 mL), and the combined organic extracts washed with brine (30 mL) and 

dried (MgSO4). The solvent was removed in vacuo and the crude product was purified 

using flash chromatography (19:1 petroleum ether: ethyl acetate) to give the title 

product 3.4.3 (0.054 g, 65%) as a clear colourless oil. 

IR: νmax/cm-1 2865 (C-H), 1697 (C=O), 1054, 1026, 1007; 

HRMS (ESI+) Found (MNa+): 189.1257 C11H18NaO requires 189.1250; 

δH (400 MHz; CDCl3) 0.87 (3H, d, J = 7.0, 11-CH3), 1.21-1.29 (1H, m, 4-CHa), 1.61-

1.81 (10H, m, 2-CHa, 3-CH2, 4-CHb, 8-CH2, 9-CH2, 10-CH2), 1.87-1.98 (1H, m, 2-CHb), 

2.37-2.40 (2H, m, 7-CH2); 

δC (100 MHz; CDCl3) 15.1 (C-11), 22.1 (C-3), 22.1 (C-9), 27.3 (C-8), 32.1 (C-10), 32.4 

(C-2), 35.0 (C-4), 37.6 (C-1), 40.1 (C-7), 58.9 (C-5), 214.2 (C-6). 
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(1R*,5R*)-Spiro[4.5]-1-methyldecane-6-methylene 3.4.2 

 

A mixture of methyl triphenyl phosphonium bromide (0.14 g, 0.40 mmol) and 

potassium tert-butoxide (0.044 g, 0.40 mmol) in toluene (2 mL) were heated at 100 °C 

for 10 mins. A solution of spiro[4.5] -1-methyldecane -6-one 3.4.3 (0.05 g, 0.3 mmol) 

in toluene (2 mL) was added and the mixture heated under reflux for 22 h. The reaction 

was then cooled to room temperature, and water (5 mL) added. The mixture was 

extracted with diethyl ether (3 x 10 mL), and the combined organic extracts washed 

with brine (20 mL) and dried (MgSO4). The solvent was removed in vacuo and the 

crude product was purified using flash chromatography (19:1 petroleum ether: ethyl 

acetate) to give the title product 3.4.2 (0.042 g, 85%) as a clear colourless oil. 

IR: νmax/cm-1 3083 (=C-H), 2928 (C-H), 2857 (C-H), 1637, 1446, 882; 

GCMS m/z (relative intensity): 164.1 (M+, 26), 135.1 (M-C2H5, 67), 93.1 (100), 67.1 

(68); 

δH (400 MHz; CDCl3) 0.89 (3H, d, J = 7.9 Hz, 11-CH3), 1.22 – 1.28 (2H, m, 2-CHa, 4-

CHa), 1.28-1.33 (2H, m, 10-CH2), 1.34-1.40 (1H, m, 8-CHa), 1.40-1.48 (1H, m, 3-CHa), 

1.54-1.60 (3H, m, 3-CHb, 9-CH2,), 1.60-1.68 (1H, m, 8-CHb), 1.79-1.89 (2H, m, 2-CHb, 

4-CHb), 2.09-2.23 (3H, m, 1-CH, 7-CH2), 4.54 (1H, s, 12-CHa), 4.63 (1H, s, 12-CHb); 

δC (100 MHz; CDCl3) 14.8 (C-11), 20.9 (C-3), 23.01 (C-9), 28.8 (C-8), 31.3 (C-10), 

32.3 (C-2), 35.1 (C-7), 35.7 (C-4), 38.9 (C-1), 50.5 (C-5), 104.4 (C-12), 155.5 (C-6). 
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1,4-Dioxaspiro[4.5]decane-8-carboxylic acid, ethyl ester 3.4.14 

 

 

A mixture of ethyl 4-oxocyclohexanecarboxylate 3.4.13 (0.19ml, 1.18mmol), ethylene 

glycol (0.08ml, 1.47mmol), and p-toluene sulfonic acid (0.035g, 0.18mmol) in dry 

toluene (5ml) was refluxed with a Dean-Stark apparatus for 20 h. The mixture was 

cooled to room temperature and concentrated in vacuo. Aqueous NaHCO3 solution 

(50% w/w, 4ml) was added, and extracted with ether (3 x 5ml). The combined organic 

extracts were dried (NaSO4) and the solvent removed in vacuo. The crude product 

was purified using flash chromatography (2:1 hexanes: ethyl acetate) to give the title 

product 3.4.14 (0.25 g, 97%) as a colourless oil. 

Rf = 0.48 (3:1 hexanes: ethyl acetate); 

δH (400 MHz; CDCl3) 1.24 (3H, t, J = 7.0 Hz, 11-CH3), 1.51-1.96 (8H, m, 6-CH2, 7-CH2, 

6′-CH2, 7′-CH2), 2.28-2.37 (1H, m, 8-CH), 3.93 (4H, br s, 2-CH2, 3-CH2), 4.12 (2H, q, 

J = 6.9 Hz, 10-CH2); 

δC (100 MHz; CDCl3) 14.4 (C-11), 26.4 (C-7), 33.9 (C-6), 41.8 (C-8), 60.4 (C-10), 64.4 

(C-2, C-3), 108.2 (C-5), 175.3 (C-9). 

The 1H and 13C-NMR data were in agreement with literature values.200 

 

  



164 
 

2-(1,4-Dioxaspiro[4.5]decan-8-yl)propan-2-ol 3.4.15a 

 

Methyl magnesium bromide (3M in Et2O, 3.1ml, 9.2mmol) was added slowly to a 

solution of 1,4-dioxaspiro[4.5]decane-8-carboxylic acid, ethyl ester 3.4.14 (0.49 g, 

2.3mmol) in dry THF (13.5ml) at -78 °C under an atmosphere of nitrogen. The resulting 

mixture was raised to room temperature, and stirred for 3h. Saturated aqueous NH4Cl 

solution (15ml) was added, then the mixture was extracted with ethyl acetate (3 x 

20ml). The combined organic extracts were dried (NaSO4) and the solvent removed 

in vacuo. The crude product was purified using flash chromatography (2:1 hexanes: 

ethyl acetate) to give the title product 3.4.15a (0.33 g, 72%) as a pale yellow oil. 

Rf = 0.17 (3:1 hexanes: ethyl acetate); 

IR:νmax/cm-1 3437, 2944 (C-H), 2873 (C-H), 1366, 1157,1984, 1035; 

HRMS (ESI+) Found (MNa):  223.1309 C11H20NaO3 requires 223.1305; 

δH (400 MHz; CDCl3) 1.18 (6H, s, 10-CH3, 11-CH3), 1.30-1.43 (3H, m, 2 x 7-CHa, 8-

CH), 1.50-1.56 (2H, m, 2 x 6-CHa,) 1.79-1.82 (4H, m, 2 x 6-CHb, 2 x 7-CHb), 3.94 (4H, 

br s, 2-CH2, 3-CH2); 

δC (100 MHz; CDCl3) 25.1 (C-7), 26.5 (C-10, C-11), 35.2 (C-6), 47.8 (C-8), 64.8 (C-2, 

C-3), 72.5 (C-9), 109.1 (C-5). 
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4-(2-Hydroxypropan-2-yl)cyclohexan-1-one 3.4.17a 

 

A solution of 2-(1,4-Dioxaspiro[4.5]decan-8-yl)propan-2-ol 3.4.15a (0.045g, 

0.22mmol) in 1M HCl (2ml) was stirred for 1 h. The mixture was then extracted with 

DCM (3 x 5ml). The combined organic extracts were dried (NaSO4) and the solvent 

removed in vacuo. The crude product was purified using flash chromatography (1:1 

hexanes: ethyl acetate) to give the title product 3.4.17a (0.035g, 100%) as a pale 

yellow oil. 

Rf = 0.27 (1:1 hexanes: ethyl acetate); 

δH (400 MHz; CDCl3) 1.23 (6H, s, 6-CH3, 7-CH3), 1.45-1.57 (2H, m, 2 x 3-CHa), 1.74-

1.82 (1H, m, 4-CH), 2.14-2.19 (2H, m, 2 x 3-CHb), 2.30-2.46 (4H, m, 2 x 2-CH2); 

δC (100 MHz; CDCl3) 27.4, 27.6 (C-6, C-7, C-3), 41.0 (C-2), 47.5 (C-4), 72.6 (C-5), 

212.3 (C-1). 

The 1H and 13C-NMR data were in agreement with literature values.201 
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2-Acetyl-4-(2-hydroxypropan-2-yl)cyclohexan-1-one 3.4.19a 

 

A solution of 4-(2-hydroxypropan-2-yl)cyclohexan-1-one 3.4.17a (0.60 g, 3.80 mmol) 

in toluene (5 mL) was added to a suspension of NaH (60% in mineral oil, 0.31 g, 7.7 

mmol) in ethyl acetate (10 mL), and the resulting mixture heated to 40 °C for 3 h. The 

mixture was cooled to room temperature, water (5 mL) added, and extracted with ethyl 

acetate (3 x 20 mL). The combined organic extracts were washed with brine (50 mL) 

and dried (MgSO4). The solvent was removed in vacuo and the crude product was 

purified using flash chromatography (3:1 petroleum ether: ethyl acetate) to give the 

title product 3.4.19a (0.46 g, 60%) as an orange oil. 

IR:νmax/cm-1 3419 (OH), 2970 (C-H), 1709 (C=O), 1610 (C=O), 1416, 1218, 946; 

HRMS (ESI+) Found (MNa):  221.1150 C11H18NaO3 requires 221.1148; 

δH (400 MHz; CDCl3) 1.26 (6H, s, 2 x 8-CH3), 1.31-1.41 (1H, m, 5-CHa), 1.55-1.65 (2H, 

m, 4-CH, OH), 1.93-2.02 (1H, m, 5-CHb), 2.08-2.13 (1H, m, 3-CHa), 2.15 (3H, s, 10-

CH3), 2.39-2.49 (3H, m, 3-CHb, 6-CH2), 3.23 (1H, m, 2-CH); 

δC (100 MHz; CDCl3) 22.7 (C-5), 25.1 (C-10), 25.6 (C-3), 27.1 and 27.3 (2 x C-8), 31.6 

(C-6), 45.5 (C-4), 72.4 (C-7), 106.4 (C-2), 181.7 (C-9), 199.2 (C-1). 
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(2R*, 4S*)-2-Acetyl-2-allyl-4-(2-hydroxypropan-2-yl)cyclohexan-1-one 3.4.20a 

 

A mixture of 2-acetyl-4-(2-hydroxypropan-2-yl)cyclohexan-1-one 3.4.19a (1.72 g, 8.7 

mmol), allyl acetate (1.74 g, 17.4 mmol), K2CO3 (2.40 g, 17.4 mmol), and 

tetrakis(triphenylphosphine)palladium(0) (1.0 g, 0.9 mmol) in THF (40 mL) was stirred 

at room temperature for 71 h, under a nitrogen atmosphere. The resulting mixture was 

filtered through celite, and the solvent removed in vacuo. The crude product was 

purified using flash chromatography (9:1 hexanes: ethyl acetate) to give the title 

product 3.4.20a (1.82 g, 88%) as a pale yellow oil. 

IR:νmax/cm-1 3461 (OH), 2969 (C-H), 1697 (C=O), 1356, 1197, 917;  

HRMS (ESI+) Found (MNa):  261.1465 C14H22NaO3 requires 261.1461; 

δH (400 MHz; CDCl3) 1.23 and 1.24 (6H, s, 2 x 8-CH3), 1.58-1.66 (2H, m, OH, 5-CHa), 

1.83-2.11 (5H, m, 3-CH2, 4-CH, 5-CH2), 2.18 (3H, s, 10-CH3), 2.43-2.46 (2H, m, 6-

CH2), 2.65-2.67 (2H, m, 11-CH2), 5.07-5.12 (2H, m, 13-CH2), 5.53-5.66 (1H, m, 12-

CH); 

δC (100 MHz; CDCl3) 27.1 (C-5), 27.6 (2 x C-8), 27.9 (C-10), 32.3 (C-3), 37.4 (C-11), 

38.8 (C-6), 42.2 (C-4), 65.6 (C-2), 72.4 (C-7), 119.0 (C-13), 132.6 (C-12), 207.1 (C-9), 

211.1 (C-1). 
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(1,4-Dioxaspiro[4.5]decan-8-yl)methanol 3.4.15b 

 

To a stirred suspension of lithium aluminium hydride (2.15 g, 56.6 mmol) in THF (40 

mL) at 0 °C under an atmosphere of nitrogen, was added a solution of 1,4-

dioxaspiro[4.5]decane-8-carboxylic acid, ethyl ester 3.4.14 (5.51 g, 25.7 mmol) in THF 

(5 mL) dropwise. The mixture was raised to room temperature and left to stir 30 mins, 

then cooled to 0 °C and water (10 mL) added slowly. The mixture was extracted with 

ethyl acetate (3 x 20 mL), and the combined organic extracts washed with brine (50 

mL) and dried (MgSO4). The solvent was removed in vacuo and the crude product 

was purified using flash chromatography (3:1 hexanes: ethyl acetate) to give the title 

product 3.4.15b (4.43 g, 99%) as a clear colourless oil. 

δH (400 MHz; CDCl3) 1.25-1.29 (2H, m, 2 x 7-CHa), 1.35 (1H, br, OH), 1.50-1.57 (3H, 

m, 2 x 6-CHa,  8-CH), 1.76-1.79 (4H, m, 2 x 6-CHb, 2 x 7-CHb), 3.49 (2H, d, J = 6.4 Hz, 

9-CH2), 3.94 (4H, s, 2-CH2, 3-CH2); 

δC (100 MHz; CDCl3) 26.8 (2 x C-7), 34.3 (2 x C-6), 39.3 (C-8), 64.4 (C-2, C-3), 67.9 

(C-9), 109.2 (C-5). 

The 1H and 13C-NMR data were in agreement with literature values.200 
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((1,4-Dioxaspiro[4.5]decan-8-yl)methoxy)(tert-butyl)diphenylsilane 3.4.16d 

 

A mixture of (1,4-dioxaspiro[4.5]decan-8-yl)methanol 3.4.15b (0.10 g, 0.58 mmol), 

imidazole (0.099 g, 1.45 mmol), and tert-butyldiphenylsilyl chloride (0.19 g, 0.70 mmol) 

in DMF (5 mL) was stirred at room temperature for 22 h under a nitrogen atmosphere. 

Saturated aqueous ammonium chloride (5 mL) was added, and the mixture extracted 

with ethyl acetate (3 x 10 mL). The combined organic extracts washed with brine (20 

mL) and dried (MgSO4). The solvent was removed in vacuo and the crude product 

was purified using flash chromatography (9:1 hexanes: ethyl acetate) to give the title 

product 3.4.16d (0.24 g, 99%) as a viscous clear colourless oil. 

IR:νmax/cm-1 3071 (Ar-H), 2930 (C-H), 2890 (C-H), 2857 (C-H), 1090 (C-O-C), 738, 

699; 

HRMS (ESI+) Found (MNa):  433.2168 C25H34NaO3Si requires 433.2169; 

δH (400 MHz; CDCl3) 1.06 (9H, s, 3 x 11-CH3), 1.08-1.33 (2H, m, 2 x 7-CHa), 1.49-1.61 

(3H, m, 2 x 6-CHa, 8-CH), 1.74-1.85 (4H, m, 2 x 6-CHb, 2 x 7-CHb), 3.50 (2H, d, J = 

8.8 Hz, 9-CH2), 3.93 (4H, br s, 2-CH2, 3-CH3), 7.36-7.74 (10H, m, Ar-H); 

δC (100 MHz; CDCl3) 19.4 (C-10), 26.9 (C-7), 27.0 (C-11), 34.3 (C-6), 39.3 (C-8), 64.3, 

64.4 (C-2, C-3), 68.6 (C-9), 109.4 (C-5), 127.7 (C-14), 129.7 (C-15), 134.1 (C-12), 

135.7 (C-13). 
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4-(Hydroxymethyl)cyclohexan-1-one 3.4.17b 

 

A solution of (1,4-dioxaspiro[4.5]decan-8-yl)methanol 3.4.15b (1.01 g, 5.9 mmol) in 

acetone (10 mL) and 2M HCl aqueous solution (100 mL) was stirred for 3.5 h. The 

mixture was neutralised with 1M NaOH, extracted with DCM (3 x 20 mL), and the 

combined organic extracts washed with brine (30 mL) and dried (MgSO4). The solvent 

was removed in vacuo and the crude product was purified using flash chromatography 

(1:1 hexanes: ethyl acetate) to give the title product 3.4.17b (0.749 g, 99%) as a 

viscous clear colourless oil. 

δH (400 MHz; CDCl3) 1.43-1.52 (2H, m, 2 x 3-CHa), 1.78 (1H, br, OH), 1.82-1.99 (1H, 

m, 4-CH), 2.08-2.20 (2H, m, 2 x 3-CHb), 2.33-2.51 (4H, m, 2 x 2-CH2), 3.56 (2H, d, J 

= 8.5 Hz, 5-CH2); 

δC (100 MHz; CDCl3) 29.2 (C-3), 38.7 (C-4), 40.5 (C-2), 66.9 (C-5), 212.1 (C-1). 

The 1H and 13C-NMR data were in agreement with literature values.200 
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4-(((tert-Butyldiphenylsilyl)oxy)methyl)cyclohexan-1-one 3.4.18c 

 

A mixture of 4-(hydroxymethyl)cyclohexan-1-one 3.4.17b (0.917g, 7.15 mmol), 

imidazole (0.974 g, 14.3 mmol), tert-butyldiphenylsilyl chloride (2.16 g, 7.9 mmol), and 

dimethylformamide (0.057 g, 0.7 mmol) in THF (50 mL) were stirred at room 

temperature under a nitrogen atmosphere for 23 h. Saturated aqueous ammonium 

chloride solution (30 mL) was added, and the mixture extracted with ethyl acetate (3 x 

30 mL). The combined organic extracts were washed with brine (50 mL) and dried 

(MgSO4). The solvent was removed in vacuo and the crude product was purified using 

flash chromatography (19:1 hexanes: ethyl acetate) to give the title product 3.4.18c 

(2.59 g, 99%) as a white solid. 

MP: 81-84 °C; 

IR:νmax/cm-1 3044 (Ar-H), 2934 (C-H), 2885 (C-H), 2853 (C-H), 1711 (C=O), 1096, 

746, 706; 

HRMS (ESI+) Found (MNa):  389.1909 C23H30NaO2Si requires 389.1907; 

δH (400 MHz; CDCl3) 1.06 (9H, s, 3 x 7-CH3), 1.44-1.50 (2H, m, 2 x 3-CHa), 1.99-2.07 

(1H, m, 4-CH2), 2.08-2.18 (2H, m, 2 x 3-CHb), 2.36-2.49 (4H, m, 2 x 2-CH2), 3.57 (2H, 

d, J = 8.6 Hz, 5-CH2), 7.39-7.67 (10H, m, Ar-H); 

δC (100 MHz; CDCl3) 19.4 (C-6), 27.0 (C-7), 29.3 (C-3), 38.8 (C-4), 40.6 (C-2), 67.7 

(C-5), 127.8 (C-9), 129.8 (C-11), 133.8 (C-8), 135.7 (C-10), 212.3 (C-1). 
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2-Acetyl-4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-1-one 3.4.19b 

 

A solution of 4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-1-one 3.4.18c (0.46 g, 

1.30 mmol) in toluene (1 mL) was added to a suspension of NaH (60% in mineral oil, 

0.100 g, 2.5 mmol) in ethyl acetate (2 mL), and the resulting mixture heated to 40 °C 

for 3 h. The reaction was cooled to room temperature, water (5 mL) added, and the 

mixture extracted with ethyl acetate (3 x 20 mL). The combined organic extracts were 

washed with brine (50 mL) and dried (MgSO4). The solvent was removed in vacuo and 

the crude product was purified using flash chromatography (9:1 hexanes: ethyl 

acetate) to give the title product 3.4.19b (0.423 g, 82%) as a viscous clear colourless 

oil. 

IR:νmax/cm-1 2950 (C-H), 2835 (C-H), 2009, 1030 (C-O-C); 

HRMS (ESI+) Found (MNa):  431.2015 C25H32NaO3Si requires 431.2013; 

δH (400 MHz; CDCl3) 1.08 (9H, s, 3 x 11-CH3), 1.38-1.43 (1H, m, 5-CHa), 1.85-1.88 

(3H, m, 3-CHa, 4-CH, 5-CHb), 1.89-1.90 (3H, s, 9-CH3), 2.36-2.44 (3H, m, 3-CHb, 6-

CH2), 3.50 (1H, m, 2-CH), 3.61 (2H, d, J = 6.0 Hz, 7-CH2), 7.37-7.43 (10H, m, Ar-H); 

δC (100 MHz; CDCl3) 19.5 (C-10), 24.4 (C-5), 25.1 (C-9), 27.0 (3 x C-11), 27.5 (C-3), 

30.7 (C-6), 36.9 (C-4), 67.9 (C-7), 106.3 (C-2), 127.7 (C-14), 129.8 (C-15), 133.9 (C-

12), 135.7 (C-13), 182.1 (C-8), 199.1 (C-1). 
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(2R*, 4S*) - 2-Acetyl-2-allyl-4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-

1-one 3.4.20b 

 

A mixture of 2-acetyl-4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-1-one 3.4.19b 

(0.157 g, 0.40 mmol), allyl acetate (0.123 g, 0.77 mmol), K2CO3 (0.107 g, 0.77 mmol), 

and tetrakis(triphenylphosphine)palladium(0) (0.005 g, 0.004 mmol) in THF (2 mL) was 

stirred at room temperature for 23 h under a nitrogen atmosphere. The resulting 

mixture was filtered through celite, and the solvent removed in vacuo. The crude 

product was purified using flash chromatography (19:1 hexanes: ethyl acetate) to give 

the title product 3.4.20b (0.096 g, 56%) as a clear colourless oil. 

IR:νmax/cm-1 2931 (C-H), 2858 (C-H), 1699 (C=O) 1427, 1110, 703; 

HRMS (ESI+) Found (MNa):  471.2326 C28H36NaO3Si requires 471.2326; 

δH (400 MHz; CDCl3) 1.06 (9H, s, 3 x 11-CH3), 1.50-1.55 (1H, m, 5-CHa), 1.88 (2H, d, 

J = 8.9 Hz, 3-CH2), 2.06-2.11 (2H, m, 4-CH, 5-CHb), 2.15 (3H, s, 9-CH2), 2.40-2.45 

(2H, m, 6-CH2), 2.60-2.63 (2H, m, 16-CH2), 3.46 (2H, d, J = 5.8 Hz, 7-CH2), 5.04-5.10 

(2H, m, 18-CH2), 5.54-5.64 (1H, m, 17-CH), 7.37-7.43 (10H, m, Ar-H); 

δC (100 MHz; CDCl3) 19.4 (C-10), 27.0 (3 x C-11), 27.8 (C-9), 28.6 (C-5), 34.4 (C-4), 

34.6 (C-3), 37.5 (C-16), 38.6 (C-6), 65.6 (C-2), 67.9 (C-7), 118.8 (C-18), 127.9 (C-14), 

129.9 (C-15), 132.8 (C-17), 133.6 (C-12), 135.7 (C-13). 
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(2R*, 4S*) - 2-Acetyl-2-allyl-4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-

1-one ethylene ketal 3.4.21 

 

A mixture of 2-acetyl-2-allyl-4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-1-one 

3.4.20b (0.068 g, 0.15 mmol), ethylene glycol (0.022 g, 0.33 mmol), and p-toluene 

sulfonic acid (1 mg, 0.005 mmol) in benzene (2 mL) was refluxed with a Dean Stark 

trap for 22 h. The reaction was cooled to room temperature, washed with 1M aqueous 

sodium hydroxide (5 mL), water (5 mL), then extracted with ethyl acetate (3 x 10 mL). 

The combined organic extracts were washed with brine (20 mL), dried (MgSO4), and 

the solvent removed in vacuo. The crude product was purified using flash 

chromatography (14:1 hexanes: ethyl acetate) to give the title product 3.4.21 (0.075 

g, 100%) as a viscous clear colourless oil. 

IR:νmax/cm-1 2931 (C-H), 2892 (C-H), 2857 (C-H), 1702 (C=O), 1427, 1111, 1077, 709; 

HRMS (ESI+) Found (MNa):  515.2591 C30H40NaO4Si requires 515.2588; 

δH (400 MHz; CDCl3) 1.07 (9H, s, 3 x 11-CH3), 1.57-1.74 (6H, m, 3-CHa, 4-CH, 5-CH2, 

6-CH2), 1.88 (1H, d, J =  10.6 Hz, 3-CHb), 2.19 (3H, s, 9-CH2), 2.43-2.44 (1H, m, 16-

CHa), 2.94-2.99 (1H, m, 16-CHb), 3.49 (2H, d, J = 5.7 Hz, 7-CH2), 3.83-3.97 (4H, m, 

19-CH2, 20-CH2), 5.05 (2H, m, 18-CH2), 5.47-5.51 (1H, m, 17-CH), 7.26-7.42 (10H, m, 

Ar-H); 

δC (100 MHz; CDCl3) 19.4 (C-15), 26.2 (C-5), 27.0 (3 x C-11), 29.3 (C-9), 30.6 (C-6), 

31.2 (C-3), 34.4 (C-4), 35.1 (C-16), 57.6 (C-2), 64.3, 64.4 (C-19, C-20), 69.1 (C-7), 

112.0 (C-1),  118.6 (C-18), 127.8 (C-14), 129.7 (C-15), 133.1 (C-17), 134.0 (C-12), 

135.7 (C-13), 210.7 (C-8). 
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(2S*, 4S*) - 2-Acetyl-2-acetaldehyde-4-(((tert-

butyldiphenylsilyl)oxy)methyl)cyclohexan-1-one ethylene ketal 3.4.23 

 

To a solution of 2-acetyl-2-allyl-4-(((tert-butyldiphenylsilyl)oxy)methyl)cyclohexan-1-

one ethylene ketal 3.4.21b (0083g, 0.17mmol), in a 3:1 mixture of dioxane and water 

(4 mL) was added lutidine (0.036g, 0.33 mmol), osmium tetroxide (0.034 mL, 

25mg/mL, 0.003 mmol), and sodium metaperiodate (0.142 g, 0.70 mmol). The 

resulting mixture was stirred at room temperature for 3 h. Saturated aqueous sodium 

sulfite (5 mL) was added. The mixture was stirred for 30 mins, then extracted with 

DCM (3 x 15 mL). The combined organic extracts were washed with brine (20 mL), 

and dried (MgSO4). The solvent was removed in vacuo and the crude product 

containing title product 3.4.23 which was used without further purification. 
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Allyl acetate 

To 3-propenol (5.86 mL, 86.1 mmol) in DCM (50 mL) was added acetyl chloride (9.19 

mL, 129.2 mmol) and the resulting mixture stirred at room temperature for 20 h. Water 

was added and the organic layer separated, washed with saturated aqueous NaHCO3 

(50 mL), water (50 mL), then dried (Na2SO4). The solvent was removed at 300 mbar 

at room temperature to give the title product (8.10 g, 94.0%) as an orange oil. 

The 1H-NMR data was in agreement with literature values.202 
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Tetrakis(triphenylphosphine)palladium(0) 

 

A mixture of palladium chloride (0.175 g, 0.99 mmol), triphenylphosphine (1.3 g, 4.96 

mmol) in DMSO (12 mL) was heated at 150 °C. The temperature was slowly 

increased, until the solution turned clear, ensuring not to surpass 170 °C. Once clear, 

the mixture was removed from heat, and hydrazine (0.190 mL, 4.00 mmol) was added. 

The mixture was cooled with stirring under a nitrogen atmosphere, until precipitation 

commenced, at which point the stirring was ceased, and the mixture left to cool to 

room temperature. While under a nitrogen atmosphere, the precipitate was filtered, 

and washed with ethanol and diethyl ether, then dried to give the title product (0.85 g, 

74%) as bright yellow crystals. 
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Appendix 5 - Copies of published articles 
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